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I N V E S T I G A T I O N  OF NEW METHODS FOR INCREASING 
THERMAL CONTACT CONDUCTANCE IN A VACUUM 

SUMMARY 

The purpose of t h i s  i n v e s t i g a t i o n  w a s  t o  eva lua te  t h e  f e a s i b i l i t y  
of i nc reas ing  thermal  contac t  conductance i n  a vacuum by f l a t t e n i n g  as- 
p e r i t i e s  and by t h e  u s e  of p l i a b l e  su r faces .  

The thermal  conductance between s u r f a c e s  a t a  j o i n t  i s  l i m i t e d  
by t h e  f a c t  t h a t  t h e  a c t u a l  con tac t  area i s  usua l ly  a very  s m a l l  f r a c t i o n  
of t h e  apparent area of t h e  j o i n t .  
extremely rough, conta in ing  a d i s t r i b u t i o n  of p ro t rus ions  o r  a s p e r i t i e s ;  
on a l a r g e r  scale t h e  s u r f a c e s  are no t  p e r f e c t l y  f l a t ,  but  have some 
waviness. Due t o  t h e  waviness,  c e r t a i n  reg ions  of a j o i n t  may make no 
contac t  a t  a l l .  I n  r eg ions  where con tac t  i s  made, t h e  contac t  area w i l l  
c o n s i s t  mainly of a number of s m a l l  s p o t s  where a s p e r i t i e s  on opposing 
f a c e s  touch one another .  

On a micro-scale t h e  s u r f a c e s  are 

The two methods i n v e s t i g a t e d  f o r  i nc reas ing  thermal  conductance 
at  a j o i n t  were aimed a t  producing smoother s u r f a c e s ,  by f l a t t e n i n g  t h e  
t i p s  of a s p e r i t i e s ,  and at overcoming t h e  e f f e c t  of waviness,  by making 
one of t h e  mating s u r f a c e s  p l i a b l e .  

The procedure inves t iga t ed  f o r  f l a t t e n i n g  t h e  t i p s  of a s p e r i t i e s  
w a s  t o  pass  a h igh  cu r ren t  p u l s e  through t h e  i n t e r f a c e  between two metals. 
It w a s  hoped t h a t  under proper  cond i t ions  t h e  t i p s  of t h e  s u r f a c e  asperi- 
t ies would m e l t  and be  f l a t t e n e d ,  a process  w e  c a l l e d  p l a t eau ing .  

Experiments w e r e  conducted wi th  1/8- in .  and 1/4-in.  diameter 
aluminum rods  i n  contac t  w i th  a po l i shed  aluminum su r face  and a pol i shed  
s t a i n l e s s  steel  su r face ;  i n  t h e  l a t te r  case, some of t h e  experiments 
w e r e  conducted wi th  t h e  p a r t s  i n  relative motion a t  t h e  moment t h e  
cu r ren t  p u l s e  w a s  passed through t h e  i n t e r f a c e .  
t h e  electrical  energy d i s s i p a t e d  i n  hea t ing  t h e  i n t e r f a c e  w a s  a few 
j o u l e s .  
produce welds a t  a few s m a l l  spo t s  of t h e  i n t e r f a c e ,  u sua l ly  accompanied 
by mel t ing  of t h e  a s p e r i t i e s  over s m a l l  areas surrounding t h e  weld spo t s .  
When t h e  p a r t s  w e r e  i n  motion re la t ive t o  one another ,  t h e r e  w a s ,  i n  
add i t ion ,  some sc ra t ch ing  apparent ly  caused by b i t s  of r e s o l i d i f  i e d  
aluminum caught i n  t h e  i n t e r f a c e .  

It w a s  es t imated  t h a t  

I n  t h e  s t a t i c  experiments t h e  main e f f e c t  of t h e  p u l s e  w a s  t o  

The p l i a b l e  su r f  ace technique w a s  i n v e s t i g a t e d  by measuring, 
i n i t i a l l y ,  t h e  electrical contac t  conductance and, f i n a l l y ,  t h e  thermal  
contac t  conductance ac ross  t h e  i n t e r f a c e s  between t h i n  m e t a l  f o i l s  (1 m i l  
aluminum and 0 .1  m i l  copper) and a wavy m e t a l  s u r f a c e ,  under d i f f e r e n t  
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contac t  p re s su res .  The r e s u l t s  seemed t o  i n d i c a t e  t h a t  i n c r e a s i n g  t h e  
p re s su re  behind t h e  f o i l  t o  approximately 100 lb / in2  
t o  cause t h e  f o i l  t o  deform s o  as t o  contac t  t h e  peaks of t h e  a s p e r i t i e s  
on t h e  wavy s u r f a c e ,  but  l a r g e  a d d i t i o n a l  i nc reases  i n  p re s su re  produced 

” 

w a s  s u f f i c i e n t  

’ very  l i t t l e  improvement of t h e  contac t .  

The evidence of t h e  experiments w a s  gene ra l ly  nega t ive  regard ing  
t h e  f e a s i b i l i t y  of i nc reas ing  thermal  con tac t  conductance by e i t h e r  t h e  
p l a t eau ing  o r  t h e  p l i a b l e  su r face  techniques.  

T h i s  r e p o r t  i nc ludes  a s h o r t  review of t o p i c s  r e l a t e d  t o  s u r f a c e  
geometry, con tac t  between metal  s u r f a c e s ,  and methods of i nc reas ing  
thermal  contac t  conductance 

An i d e a  f o r  i nc reas ing  contac t  conductance by bonding the 
i n t e r f a c e  wi th  an a l l o y  which undergoes a pressure-induced phase t r a n s -  
formation is  descr ibed .  Severa l  recommendations f o r  f u r t h e r  i nves t iga -  
t i o n  of t h e  problem are a l s o  given. 

- 2 -  
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1. INTRODUCTION 

The purpose of t h i s  i n v e s t i g a t i o n  w a s  t o  s tudy t h e  f e a s i b i l i t y  
of i nc reas ing  thermal  contac t  conductance ac ross  metal l a p  j o i n t s  i n  a 
vacuum by (1) decreas ing  roughness by modifying a s p e r i t i e s  and (2) i n -  
c reas ing  uni formi ty  of contac t  by making one of t h e  j o i n t  s u r f a c e s  p l i a b l e .  
With t h e  a i d  of a review of s u r f a c e  geometry and o the r  contac t  phenomena, 
d i f f e r e n t  schemes f o r  decreas ing  roughness and making a p l i a b l e  s u r f a c e  
were eva lua ted .  Subsequently,  t h e  gene ra l  o u t l i n e  of t h e  experimental  
program w a s  decided by a conference wi th  NASA's t e c h n i c a l  p r o j e c t  moni- 
t o r s .  The f i n d i n g s  of t h e  review are given i n  Sect ion 2 ,  and t h e  exper i -  
mental  i n v e s t i g a t i o n s  are repor ted  i n  Sec t ions  3 and 4 .  

During t h e  prepara tory  i n v e s t i g a t i o n ,  t h e  i d e a  of bonding j o i n t s  
with an a l l o y  which undergoes a pressure-induced phase t ransformat ion  w a s  
generated and b r i e f l y  inves t iga t ed .  
t o  i n c r e a s e  thermal  con tac t  conductance is  d iscussed  i n  Appendix B. 

The p o s s i b i l i t y  of u s ing  this i d e a  

Appendix C inc ludes  several recommended s t u d i e s  f o r  so lv ing  
problems a s soc ia t ed  w i t h  thermal  con tac t  conductance ac ross  j o i n t s  i n  
a vacuum environment. 

- 3 -  
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2 .  SURVEY OF TOPICS RELEVANT TO THERMAL CONTACT CONDUCTANCE 

2.1 I n t r o d u c t i o n  

The purpose of t h i s  s e c t i o n  is  t o  provide a record of an 
examination of va r ious  aspects of t h e  problem, of improving thermal con- 
t a c t  conductance i n  a vacuum, wi th  which w e  i n i t i a t e d  t h i s  i n v e s t i g a t i o n .  
A s  w e  had a l ready  reviewed t h e  l i t e r a t u r e  i n  an earlier s tudy  [1]*,  t h e  
fol lowing supplemental  survey covers c e r t a i n  p e r t i n e n t  t o p i c s  without  
a t tempting t o  g ive  a complete account of t h e  sub jec t .  

2.2 Proper t ies  o f  Surfaces and In te r faces  

2.2.1 Topography 

The p r o p e r t i e s  of s u r f a c e s  can be very  d i f f e r e n t  from those  of 
t h e  bulk  material. The topography of real s u r f a c e s  is very  i r r e g u l a r  
and complicated. Coarsely f i n i s h e d  s u r f a c e s ,  such as obtained by gr inding  
o r  abras ion ,  have a topography cons i s t ing  b a s i c a l l y  of a series of 
grooves. The c ross  s e c t i o n  of t h e  grooves i s  roughly t h a t  of a vee wi th  
a h ighly  obtuse included angle.  
are themselves covered wi th  smaller i r r e g u l a r i t i e s .  I n d i r e c t  evidence 
i n d i c a t e s  t h a t  t h e  included angle  of t h e  grooves becomes p rogres s ive ly  
more obtuse as t h e  su r faces  are made p rogres s ive ly  more f i n e l y  pol i shed[2] .  

The h i l l s  and v a l l e y s  of t h e  grooves 

On an atomic scale t h e  topography of su r faces  can inc lude  sharp 
s t e p s  and s t e e p  s lopes ,  but  i f  one approximates t h e  a s p e r i t i e s  w i th  shapes 
such as cones, t h e i r  s lopes  r a r e l y  exceed a few degrees.  

Mechanical su r f ace  f i n i s h i n g  ope ra t ions  cause s t r u c t u r a l  changes 
i n  t h e  s u r f a c e  l a y e r s .  
i n t o  small fragments as a r e s u l t  of s eve re  p l a s t i c  deformation. Beneath 
t h e  t h i n  fragmented l a y e r  t h e r e  is  a much t h i c k e r  l a y e r  of minor defor-  
mation, i n  which inhomogeneously d i s t r i b u t e d  s t r a i n s  decrease r a p i d l y  
wi th  inc reas ing  d i s t ance  from t h e  su r f  ace. 
of t h i s  l a y e r  has  undulat ions a s soc ia t ed  wi th  s u r f a c e  scra tches .  The 
th ickness  of t h e  minor deformation l a y e r  i s  many times t h e  depth of t h e  
sc ra t ches  - as much as 50 times t h e  depth of t h e  s c r a t c h e s  i n  s o f t  metals. 
It may be on t h e  order  of 100 pm t h i c k  for n coarse  f i n i s h  and only a few 
microns t h i c k  f o r  a f i n e  po l i sh .  

I n  t h e  outermost l a y e r  t h e  base c r y s t a l  i s  broken 

The e l a s t i c - p l a s t i c  boundary 

* Numbers i n  bracke ts  i n d i c a t e  i t e m s  i n  t h e  l ist  of re ferences .  

- 4 -  
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I f  t h e  f i n i s h i n g  process  involves  u s e  of ab ras ives ,  it i s  
p o s s i b l e  f o r  fragments of t h e  ab ras ive  p a r t i c l e s  t o  become embedded i n  
t h e  su r face .  One s tudy  [3]  i nd ica t ed  t h a t  a t y p i c a l  lapping  opera t ion  
can cause on t h e  order  of 10  par t ic les /cm2 t o  become embedded i n  t h e  
su r f  ace of a hardened steel. 

Tabor [15] p o i n t s  out  t h a t  even pure  s i n g l e  c r y s t a l s  may have 
s t r u c t u r a l l y  complicated su r faces .  Not only are t h e  l a y e r s  of atoms 
n e a r e s t  t h e  s u r f a c e  occupied less and less completely,  bu t  t h e  a d d i t i o n  
of f o r e i g n  molecules may produce unusual compounds and change t h e  mob i l i t y  
and arrangement of t h e  su r face  atoms. 

2.2.2 Oxide Films 

The oxide f i l m  t h a t  covers  most metallic s u r f a c e s  cannot b e  
thought of as a uniform l aye r .  Formation of t h e  oxide l a y e r  probably 
begins  a t  a number of i s o l a t e d  n u c l e i  i s l a n d s ,  growth occurr ing by spread  
of t h e  i s l a n d s  both  l a t e r a l l y  and perpendicular  t o  t h e  s u r f a c e  and by 
formation of new n u c l e i .  The r e s u l t i n g  oxide l a y e r  i s  h igh ly  i r r e g u l a r ,  
e s p e c i a l l y  i f  t h e  f i l m  forms at  e l eva ted  temperature ,  when t h e  ou te r  
l a y e r  may con ta in  many pro t ruding  whiskers and b lades .  

Oxide f i l m s  w i l l  f r a c t u r e  e a s i l y  and al low metallic con tac t  t o  
occur i f  t h e  oxide i s  hard and b r i t t l e  and t h e  underlying metal s o f t  and 
d u c t i l e  Ell]. This  is t h e  case  wi th  indium and t i n  and t o  a lesser ex- 
t e n t  w i t h  l ead  and aluminum. Because of t h e  s o f t n e s s  of t h e s e  metals, 
deformations are r e l a t i v e l y  l a r g e ,  and even t h e  l i g h t e s t  loads  are s u f f i -  
c i e n t  t o  break  down oxide f i lms .  I f  t h e  metal and i t s  oxide have similar 
p r o p e r t i e s ,  as wi th  copper and s teel ,  t h e  oxide w i l l  deform wi th  t h e  
metal and may p e r s i s t  even under t h e  heavies t  loads .  Roughening t h e  
su r face  f a c i l i t a t e s  breakdown of t h e  oxide.  

There i s  evidence t h a t  s l i d i n g  of one metal s u r f a c e  over another  
a l lows s t rong  junc t ions  t o  form by rup tu r ing  t h e  f i l m s  of oxide and o the r  
contaminants which i n h i b i t  j unc t ion  formation.  

2 . 2 . 3  Conductance a t  Metallic Interfaces 

In  o rde r  f o r  h e a t  t o  be  conducted ac ross  a metallic i n t e r f a c e  
t h e  metal-to-metal con tac t s  must i n  e f f e c t  c o n s t i t u t e  bonds. Adhesive 
bonds r e s u l t  when a s p e r i t i e s  on oppos i t e  f a c e s  of a junc t ion  between 
c lean  metals are pressed  so  c l o s e  toge the r  t h a t  t h e r e  is no d i s t i n c t i o n  
between atoms on one s i d e  o r  t h e  o the r  of t h e  i n t e r f a c e .  Consequently, 
t h e  f o r c e s  between atoms a t  t h e  i n t e r f a c e  are of t h e  same n a t u r e  as those  

- 5 -  
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i n  t h e  bulk m e t a l .  However, because of mismatching between t h e  engaging - 
c r y s t a l  l a t t i c e s  t h e  i n t e r f a c e  w i l l  almost c e r t a i n l y  be weaker than t h e  
bulk material. 

Experiments wi th  steel s u r f a c e s  [ l l ]  have shown t h a t  s m a l l  
t a n g e n t i a l  displacements at a j o i n t  can cause t h e  e l e c t r i c a l  contac t  
conductance t o  i n c r e a s e  s e v e r a l  hundredfold.  This  is explained as being 
a consequence of d i s r u p t i o n  of t h e  oxide f i l m  and a growth of real con- 
t a c t  area accompanied by a l a r g e  inc rease  i n  metal-to-metal contac t .  
Inc rease  i n  contac t  area and a s t rengthening  of t h e  junc t ions  can a l s o  
be caused by t h e  a p p l i c a t i o n  of a t a n g e n t i a l  stress while  maintaining 
t h e  normal load accompanied only by micro-displacements of t h e  specimens - 
without gross  s l i d i n g .  The e f f e c t  of t a n g e n t i a l  displacements  on thermal  
conductance at a j o i n t  i s  probably similar to ,but  of much smaller magnitude 
than t h e  e f f e c t  on e l e c t r i c a l  conduct iv i ty .  

2 . 3  Contact Area and Stresses 

When an inden te r  o r  an a s p e r i t y  pene t r a t e s  a m e t a l  s u r f a c e ,  
most of t h e  stress c o n s i s t s  of a h y d r o s t a t i c  pressure  which p l ays  no 
p a r t  i n  producing p l a s t i c  flow. 

For a m e t a l  which does not  work harden apprec iab ly  o r  one which 
has  been f u l l y  work-hardenedy i t  i s  found both t h e o r e t i c a l l y  and exper i -  
mental ly  t h a t  t h e  l o c a l  y i e l d  p re s su re  is about f i v e  t i m e s  t h e  c r i t i c a l  
shear  s t r e n g t h  

Po = 5 so . 
Since s i s  r e l a t e d  t o  t h e  t e n s i l e  y i e l d  stress according t o  

0 

s 0 = Y I J ? - y  0 

it  fo l lows  t h a t  

P o = 3 Y o  Y 

which i s  t h e  b a s i c  r e l a t i o n  observed i n  hardness  measurements. Considera- 
t i o n  of t h e  deformation of a f l a t  su r f ace  by a s p h e r i c a l  i nden te r  has 
shown t h a t  t h e  maximum shear  stress occurs  i n  t h e  bulk material a t  a 
po in t  below t h e  s u r f a c e  such t h a t  t h e  onse t  of p l a s t i c  flow occurs when 
t h e  m e a n  p re s su re  over t h e  contac t  area has t h e  va lue  

= 1.1 Yo . Pm 
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The e x t e n t  of p l a s t i c  deformation i n c r e a s e s  as t h e  va lue  of p i s  increased;  
and when pm a t t a i n s  a v a l u e  of t h e  o rde r  of 3 Yo, f u r t h e r  i nc rease  i n  
inden ta t ion  produces l i t t l e  change i n  pm. 
t h e  deformation i s  regarded as being f u l l y  p l a s t i c .  
of a s u r f a c e  by t h e  a s p e r i t i e s  on a mating s u r f a c e  i s  similar t o  t h e  
behavior  of an i n d e n t e r  i n  a hardness  t es t ,  i t  fo l lows  t h a t  t h e  mean 
p res su re ,  po, over  a l l  t h e  areas of a c t u a l  con tac t  w i l l  be  on t h e  order  
of 3 Yo. It fo l lows  t h a t  t h e  t o t a l  area of a c t u a l  contac t  at an i n t e r f a c e  
i s  given t o  a good approximation by 

m 

When t h i s  condi t ion  i s  a t t a i n e d ,  
Since t h e  p e n e t r a t i o n  

F A = -  
Po 

Y 

where F is  t h e  t o t a l  load on t h e  j o i n t .  I f  f u l l  p l a s t i c i t y  is  no t  a t t a i n e d  
a t  a l l  t h e  contac t  p o i n t s ,  t h e  mean p res su re  w i l l  be  a l i t t l e  less than  
3 Yo. 
t i o n a l  t o  t h e  app l i ed  load  and i n v e r s e l y  p ropor t iona l  t o  t h e  m e a n  y i e l d  
p re s su re ,  o r  e f f e c t i v e  hardness ,  of t h e  s o f t e r  of t h e  two materials i n  
contac t .  Furthermore, t h e  above theo ry  impl ies  t h a t  t h e  a c t u a l  contac t  
area i s  independent no t  on ly  of t h e  apparent  area of t h e  i n t e r f a c e ,  bu t  
a l s o  of t h e  smoothness and f l a t n e s s  of t h e  su r faces .  

According t o  E q .  (2 .1) ,  t h e  a c t u a l  contac t  area i s  n e a r l y  propor- 

The a n a l y s i s  of f r i c t i o n  as due t o  adhesion a t  p o i n t s  of real 
contac t  i s  p ropor t iona l  t o  t h e  normal load on a j o i n t  and i s  independent 
of t h e  apparent  area of t h e  j o i n t .  When macroscopic s l i d i n g  occurs ,  t h e  
f r i c t i o n a l  f o r c e  is p ropor t iona l  t o  t h e  normal load.  

Although t h e  above model has  wide suppor t ,  i t  i s  no t  univer-  
s a l l y  accepted.  In Ref. 10 ,  f o r  example, i t  is  s t a t e d  t h a t  t h e  ma jo r i ty  
of experimental  r e s u l t s  have e s t a b l i s h e d  t h a t  t h e  area of real con tac t  
between s u r f a c e s  pressed  toge the r  is g r e a t e r  f o r  smoother* su r faces .  
One of t h e  p o s s i b l e  sources  of disagreement i s  t h e  d i f f i c u l t y  of measuring 
t h e  a c t u a l  contac t  area. It i s  f r equen t ly  done i n d i r e c t l y ,  such as by 
making measurements of electrical conductance, a method which has  a 
number of l i m i t a t i o n s .  Surface i r r e g u l a r i t i e s  can i n c r e a s e  t h e  l o c a l  
electric f i e l d  s t r e n g t h  t o  t h e  ex ten t  t h a t  electrical  conduction can 
occur  by co ld  emission and t h e  t u n n e l  e f f e c t  even a t  p o i n t s  where no 
d i r e c t  con tac t  e x i s t s .  Furthermore, t h e  r e l a t i o n  between electrical  
conduction and contac t  area i s  complicated by t h e  e f f e c t s  of v a r i a t i o n  
i n  composition and t h e  presence of oxides  and adsorbed f i l m s  a t  t h e  
su r f  ace. 

*See page 1 4  of Reference 10. 
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2.4 Theory of Sol id-to-Sol i d  Conductance 

Severa l  t h e o r i e s  have been developed f o r  the so l id- to-so l id  
conductance a t  a j o i n t  . 

Assuming t h a t  t h e  su r faces  make contac t  a t  a number of i s o l a t e d  
s p o t s  of equal  s i z e  d i s t r i b u t e d  uniformly over t h e  i n t e r f a c e ,  assuming 
t h a t  t h e  sepa ra t ion  of t h e  contac t  s p o t s  i s  l a r g e  compared t o  t h e i r  s i ze ,  
and approximating t h e  contac t  areas by c i r c u l a r  areas of r ad ius  a,  
Cet inka le  and Fishenden [23] showed t h a t  

h = 2 n a A m  Y 

where n i s  t h e  number of contac t  s p o t s  p e r  u n i t  area of the i n t e r f a c e  
and Am i s  t h e  harmonic mean va lue  of t h e  thermal c o n d u c t i v i t i e s  of t h e  
two materials i n  contac t :  Am = 2 A 1  A2/(Al+ h2). 
complex models genera l ly  have t h e  e f f e c t  of rep lac ing  t h e  f a c t o r  2 i n  
Eq. (2.1) by a somewhat smaller number. 

Theor ies  based on more 

Combining Eqs .  (2.1) and (2.2) ,  and not ing  t h a t  t h e  r a t i o  of 
real t o  apparent area i s  A /A = ma2, w e  have r a  

This  r e l a t i o n  shows t h a t  t h e  thermal  contac t  conductance of a given j o i n t  
is  p ropor t iona l  t o  t h e  square r o o t  of t h e  t o t a l  load on t h e  j o i n t ;  and, 
f o r  a given load ,  i t  inc reases  as t h e  square roo t  of t h e  number of con- 
tact  s p o t s  p e r  u n i t  i n t e r f a c e  area. 

The above equat ion shows t h a t ,  even without  changing t h e  a c t u a l  
contac t  area, t h e  thermal con tac t  conductance i n  a vacuum can be increased  
by inc reas ing  t h e  number of contac t  spots .  Thus, the g r e a t e r  t h e  uni for -  
mity of contac t  over an i n t e r f a c e ,  t h e  greater t h e  thermal  conductance 
across  i t .  Therefore ,  even i f  making su r faces  smoother and f l a t t e r  might 
no t  s u b s t a n t i a l l y  increase t h e  a c t u a l  contact area, i t  is p o s s i b l e  t h a t  
t h e s e  processes  w i l l  cause a r e d i s t r i b u t i o n  of microscopic contac t  areas 
conducive t o  a reduct ion  of c o n s t r i c t i o n  r e s i s t a n c e .  

A number of workers have obtained r e s u l t s  which support  t h e  
genera l  a s p e c t s  of t h e  above model. W i l l i a m s  [21] ,  f o r  example, prepared 
samples having between 1 and 48 wedge-shaped r idges  cu t  i n t o  t h e  su r faces .  
Pa i r ing  samples w i th  t h e  r idges  on oppos i te  f a c e s  crossed wi th  each o t h e r ,  
he  formed j o i n t s  w i th  1 t o  1016 prospec t ive  con tac t s .  Because of t h e  
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d i f f i c u l t y  of ob ta in ing  coplanar  r i d g e s ,  t h e  number of con tac t s  w e r e  
fewer than  t h e  prospec t ive  number of con tac t s .  H i s  measured thermal  
contac t  conductances w e r e  approximately p ropor t iona l  t o  fi f o r  a giveir 
sample (approximately f i x e d  n )  and were p ropor t iona l  t o  at f i x e d  
F, provided n w a s  taken as t h e  number of c o n t a c t s  confirmed by microscopic  
examination of t h e  samples fol lowing t h e  test .  

F r i ed  [22] found t h a t  t h e  thermal  contac t  conductance between 
s t a i n l e s s  steel samples a t  a contac t  p re s su re  of about 6900 kN/m2 
(1000 l b / i n 2 )  increased  from 800 Wm-2 'C- I  
coarse  f i n i s h  t o  30,000Wm-2 'C- l ,  
po l i shed  sample. 
contac t  p re s su res .  

f o r  a sample wi th  a ve ry  
almost 40 t i m e s  g r e a t e r ,  f o r  a f i n e l y  

These d i f f e r e n c e s  d i d  n o t  p e r s i s t  down t o  much lower 

Miller [16] found t h a t  i nc reas ing  t h e  smoothness of t h e  con- 
t a c t i n g  su r faces  caused t h e  thermal  conductance t o  inc rease .  A t  h igh  
temperatures ,  however , t h e  e f f e c t  w a s  n o t  s i g n i f i c a n t  f o r  s o f t  m e t a l s  
such as aluminum. 

2.5 Use of Interface Fi l lers  and Surface Coatings 
t o  Increase Thermal Contact Conductance 

A method of i nc reas ing  thermal  con tac t  conductance is  t o  f i l l  
t h e  i n t e r f a c i a l  gap wi th  a h ighly  conductive material. Metals have been 
t r i e d  both as coa t ings  on t h e  mating su r faces  and as f o i l s  placed between 
them. Grease and rubber have a l s o  been t r i e d  as i n t e r f a c i a l  f i l l e r s .  
A t a b u l a t i o n  of r e fe rences  i n  which t h e  e f f e c t  of i n t e r s t i t i a l  macerials 
i s  d iscussed  i s  given i n  Ref. 34. 
performed are d iscussed  b r i e f l y  below. 

Some of t h e  experiments t h a t  have been 

Getty and T a t r o  [17] i n v e s t i g a t e d  t h e  e f f e c t  of several g reases ,  
thermal p u t t i e s ,  and copper,  aluminum, and t i n  f o i l s  on t h e  thermal  con tac t  
conductance of aluminum samples 7.6 cm x 7.6 cm x 0.63 cm 
(3 i n .  x 3 i n .  x 1 /4  i n . ) ,  having t h r e e  su r face  f i n i s h e s  ranging from 
0.2 pm t o  7.6 pm (8 p i n .  t o  300 p in . )  r m s .  The tests were conducted i n  
a vacuum environment at contac t  p r e s s u r e s  up t o  about 200 kN/m 
Without f i l l e r s  , t h e  thermal  contac t  conductance ranged approximately 
between 100 and 600 Wm-2 'C-l ;  because of f l a t n e s s  dev ia t ions  among t h e  
samples, t h e  rougher samples had t h e  h igher  thermal  conductances. The 
f o i l s  produced some improvement; but  much b e t t e r  r e s u l t s  w e r e  produced by 

2 2 (30 l b / i n  ). 

est of which y i e lded  thermal  conductances i n  
, more than  an order  of magnitude h igher  than  

t h e  va lue  without  any f i l l e r .  

Bloom f l 8 ]  conducted experiments on aluminum samples, 5 cm i n  
diameter by 2.5 cm high,  w i t h  t h e  i n t e r s t i c e s  a t  t h e  j o i n t  f i l l e d  w i t h  
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s i l i c o n e  o i l  and grease .  
environment at l a w  mean i n t e r f a c e  temperatures  : about  - 1 5 1 O C  (-240OF) 
f o r  o i l  and -137OC (-215OF) f o r  grease .  
contac t  conductance increased  from 3090 t o  7840 Win-2 O C - l  (544 t o  1380 
Btu h r - I  f t -2  as t h e  contac t  p re s su re  w a s  i nc reased  from 1768 t o  
6440 kN/m2 (256 t o  933 l b / i n 2 ) .  With t h e  f i l l e r s ,  t h e  thermal  con tac t  
conductance w a s  r e l a t i v e l y  inde  endent of contac t  r e s s u r e  over  t h e  

f i l l e d  i n t e r f a c e ,  t h e  thermal  contac t  conductance w a s  approximately 
19600 WmW2 O C - 1  (3450 Btu hr-1 ft'2 OFm1). and wi th  an o i l - f i l l e d  i n t e r -  
f a c e ,  i t  w a s  approximately 80000 Win -2 
Thus, t h e  g rease  produced approximately a three- fo ld  i n c r e a s e  i n  thermal  
contac t  conductance and the o i l  produced a ten- fo ld  inc rease .  

The experiments w e r e  conducted i n  a vacuum 

Without f i l l e r ,  t h e  thermal  

range between 300 and 5000 kN/m K (40 and 700 l b / i n  5 ). With a grease-  

(14,000 Btu hr - l  f t - 2  "F-I) ,  

From measurements i n  a vacuum environment, Fr ied  [22] found 
t h a t  coa t ing  s t a i n l e s s  steel w i t h  magnesium had an e f f e c t  which increased  
with contac t  p re s su re .  
w a s  n e g l i g i b l e ,  bu t  wi th  inc reas ing  pressure  t h e  coated sample a t t a i n e d  
inc reas ing ly  h igher  conductance than  t h e  uncoated sample; and at  a p res su re  
of 7000 kN/m2 t h e  thermal contac t  conductance of t h e  coated sample w a s  
approximately an o rde r  of magnitude higher  than  t h e  uncoated sample. 
aluminum coa t ing  w a s  less e f f e c t i v e  than  magnesium. 

A t  p re s su res  up t o  about 1000 kN/m2 t h e  e f f e c t  

An 

From measurements at atmospheric p re s su re ,  Miller [19, 201 found 
t h a t  thermal  contac t  conductance could be increased  by coa t ing  t h e  base 
metals w i t h  a m e t a l  having a h igher  thermal  conduct iv i ty  and lower hardness.  
H e  a l s o  found t h a t  t h e  conductance could be  increased  by p lac ing  at t h e  
i n t e r f a c e  a t h i n  f o i l  of a s o f t ,  h ighly  conductive m e t a l ,  t h e  th i ckness  
of which he concluded should not  exceed t w i c e  t h e  average a s p e r i t y  he igh t .  

2.6 Metal Polishing 

Two e s t a b l i s h e d  methods of s u r f a c e  po l i sh ing  t h a t  are p e r t i n e n t  
t o  t h i s  s tudy  are descr ibed  below. I n  add i t ion ,  a method of reducing 
su r face  roughness suggested by t h e  behavior of electrical  switches i s  
discussed 

Vibra tory  po l i sh ing  [ 4 ,  5, 6 ,  71 i s  a r e l a t i v e l y  new p o l i s h i n g  
technique which i s  capable  of producing su r f  aces of smoothness and f l a t n e s s  
f a r  s u p e r i o r  t o  t h a t  p o s s i b l e  by hand pol i sh ing .  
appl ied  mainly t o  t h e  f i n a l  po l i sh ing  of m e t a l l u r g i c a l  specimens. 
specimens are placed f a c e  down i n  a flat-bottomed bowl conta in ing  a 
po l i sh ing  c l o t h  o r  ab ras ive  paper and an ab ras ive  s l u r r y .  
caused t o  v i b r a t e  a t  t h e  rate of 60 cyc le s / sec  w i t h  a motion having both 
h o r i z o n t a l  and v e r t i c a l  components. The motion r e s u l t s  i n  relative 

The method has  been 
The 

The bowl i s  
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motion between t h e  sample and ab ras ive ,  g iv ing  rise t o  t h e  po l i sh ing  
ac t ion .  The specimen moves a ve ry  s h o r t  d i s t a n c e  per  cyc le  and appears  
t o  f l o a t  smoothly on t h e  s l u r r y ,  r i d i n g  along t h e  per iphery  of t h e  bowl. 
The po l i sh ing  speed i s  a f f e c t e d  by t h e  weight on t h e  specimen and t h e  
amplitude of v i b r a t i o n .  It is  b e s t  i f  the edge of t h e  specimen can b e  
chamfered t o  a l low t h e  ab ras ive  t o  flow between t h e  specimen f a c e  and 
t h e  v i b r a t i n g  t a b l e .  When applying t h e  method t o  aluminum specimens i t  
w a s  found t o  be b e t t e r  t o  restrict t h e  samples t o  a small area of t h e  
t a b l e  - an area approximately 12.5 cm i n  diameter f o r  3.8-cm diameter 
samples. 
samples can be processed a t  once, t h e  equipment i s  r e l a t i v e l y  inexpensive,  
it i s  easy t o  ope ra t e  and r e q u i r e s  minimal a t t e n t i o n .  

This  p o l i s h i n g  technique has  t h e  advantages t h a t  several 

E l e c t r o l y t i c  po l i sh ing  is accomplished by making a metal sample 
t h e  anode i n  an e l e c t r o l y t i c  ce l l .  The process  has  been descr ibed  [8] 
as e n t a i l i n g  smoothing o r  maeropoZishing, t h e  removal of a s p e r i t i e s  o r  
macroscopic i r r e g u l a r i t i e s ,  and brightening o r  mieropoZishing, t h e  re- 
moval of t h e  microscopic  i r r e g u l a r i t i e s  superimposed on t h e  l a r g e r  ones. 
Micropolishing i s  c o n t r o l l e d  by t h e  formation of a t h i n  f i l m  on t h e  anode 
s u r f a c e s ,  and i t  precedes macropolishing. Macropolishing is  con t ro l l ed  
by t h e  formation of a r e l a t i v e l y  t h i c k  v i scous  l a y e r  of r e a c t i o n  products  
around t h e  anode. 
t h a t  t h e  l a y e r  i s  t h i n  and has  a high concent ra t ion  g rad ien t  near  t h e  
a s p e r i t i e s  and i s  t h i c k  and has a lower concent ra t ion  g rad ien t  n e a r  t h e  
depress ions ,  r e s u l t i n g  i n  p r e f e r e n t i a l  d i s s o l u t i o n  of t h e  a s p e r i t i e s .  An 
advantage of e l e c t r o p o l i s h i n g  compared t o  lapping  methods is t h a t  a 
smooth s u r f a c e  is obta ined  without any work hardening. 

To e x p l a i n  t h e  smoothing process  i t  has  been pos tu l a t ed  

Another method of decreasing s u r f a c e  roughness has  been suggested 
by t h e  observa t ion  t h a t  t h e  e l e c t r i c a l  conductance of swi tches  i s  consider-  
ably improved a f t e r  being operated a number of t i m e s .  A p o s s i b l e  explana- 
t i o n  i s  t h a t  t h e  c o n s t r i c t i o n  of cu r ren t  through microscopic  contac t  s p o t s  
causes  mel t ing of t h e  a s p e r i t y  t i p s ;  and t h e  simultaneous rubbing of one 
switch s u r f a c e  over t h e  o t h e r  causes  t h e  molten a s p e r i t y  t i p s  t o  f l a t t e n .  
This  l e d  t o  t h e  i d e a  t h a t  pass ing  cu r ren t  pu l se s  through an i n t e r f a c e ,  
under appropr i a t e  contac t  p re s su re  and relative motion of t h e  j o i n t  
s u r f a c e s ,  might cause p l a t eau ing  of a s p e r i t i e s  and i n c r e a s e  t h e  thermal  
conductance of j o i n t s  made wi th  p a r t s  whose su r faces  had been t h u s  pre-  
pared. It may be,  however, t h a t  o t h e r  phenomena are re spons ib l e  f o r  t h e  
observed improvement of electrical conductance. It is known, f o r  example, 
t h a t  t h e  s l i d i n g  of one switch component over t h e  o the r  has  t h e  e f f e c t  of 
breaking through oxide f i l m s  and producing g r e a t e r  metal-to-metal contac t .  
There is  a l s o  a tendency f o r  t h e  t a n g e n t i a l  stresses a t  t h e  i n t e r f a c e  t o  
increase t h e  s i z e  of contac t  spo t s .  (See a l s o  Sec t ion  2 . 2 . 3 ) .  

The hea t ing  and o ther  phys i ca l  changes caused by t h e  passage 
of electrical cu r ren t  through a j u n c t i o n  have been d iscussed  i n  Ref. 11. 

- 11 - 
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Heating of a c o n s t r i c t i o n  by a s teady  cu r ren t  w i l l  a c c e l e r a t e  t h e  rate 
of creep,  causing t h e  junc t ion  t o  g radua l ly  i n c r e a s e  i n  s i z e  and t h e  
r e s i s t a n c e  t o  drop. I f  l a r g e  cu r ren t  pu l se s  of s h o r t  du ra t ion  are 
passed through a junc t ion  t h e r e  is l i t t l e  e f f e c t  on resistance u n t i l  
t h e  magnitude of t h e  cu r ren t  pu l se  is increased t o  t h e  po in t  where t h e  
hea t ing  i s  s u f f i c i e n t  t o  cause mel t ing .  Then t h e  j u n c t i o n  c o l l a p s e s  
and i t s  r e s i s t a n c e  drops.  Af te r  each such co l l apse ,  a cur ren t  pu l se  
of g r e a t e r  magnitude i s  needed t o  aga in  cause mel t ing  and a r e c o l l a p s e  
of t h e  junc t ion .  This  is  a consequence of t h e  f a c t  t h a t ,  s t a r t i n g  wi th  
a lower r e s i s t a n c e ,  a l a r g e r  cu r ren t  i s  needed t o  genera te  t h e  hea t  
requi red  t o  reach t h e  melt ing temperature.  There is evidence t h a t  
non-equi l ibr ium condi t ions  cause melt ing at t h e  junc t ion  t o  occur a t  a 
temperature below t h e  normal mel t ing po in t .  
both e l e c t r i c a l  and thermal r e s i s t a n c e s  i n c r e a s e ,  such t h a t  a c r i t i ca l  
cu r ren t  is  reached at  which thermal conduction cannot cope wi th  t h e  
increased  ohmic hea t ing ;  and t h e  temperature  w i l l  rise c a t a s t r o p h i c a l l y  
u n t i l  mel t ing occurs .  

With i n c r e a s e  i n  temperature 

,. 
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3. PLATEAUING EXPERIMENTS 

3.1 Introduction 

The purpose of t h e  p la teauing  experiments w a s  t o  e s t a b l i s h  
whether i t  i s  f e a s i b l e  t o  f l a t t e n ,  o r  plateau, a s p e r i t i e s  by mel t ing  
them wi th  pu l ses  of electric cu r ren t  passed ac ross  t h e  i n t e r f a c e  of a 
j o i n t .  It w a s  thought t h a t  a s u i t a b l e  combination of con tac t  p r e s s u r e ,  
re la t ive motion at t h e  i n t e r f a c e ,  and p u l s e  c h a r a c t e r i s t i c s  might cause 
t h e  a s p e r i t i e s  t o  b e  f l a t t e n e d  and , t h a t  such s u r f a c e  p repa ra t ion  would 
i n c r e a s e  t h e  thermal  contac t  conductance ac ross  j o i n t s .  Experiments 
were conducted both wi th  and without  r e l a t i v e  motion between t h e  mated 
su r faces .  Examination of t h e  t r e a t e d  su r faces  under a microscope revea led  
no evidence t h a t  t h e  method could be  proved f e a s i b l e .  

E s t i m a t e s  of t h e  f e a s i b i l i t y  of i nc reas ing  contac t  area by 
f l a t t e n i n g  of a s p e r i t i e s  must t a k e  account of t h e i r  t y p i c a l  shape. Sur- 
f a c e  ana lyses  have shown t h a t  t h e  base widths of a s p e r i t i e s  are u s u a l l y  
g r e a t e r  than  t h e i r  he ight .  The mean s l o p e  of t h e i r  s u r f a c e  wi th  r e spec t  
t o  t h e  mean p lane  of t h e  i n t e r f a c e  i s  gene ra l ly  less than  10 deg. They 
r ep resen t  somewhat g e n t l e  undula t ions  which can be reasonably approximated 
by s p h e r i c a l  o r  c y l i n d r i c a l  su r f aces .  Prof i lometer  traces may g ive  t h e  
impression t h a t  a s p e r i t i e s  are cone- o r  wedge-like p r o t r u s i o n s  wi th  s t e e p  
w a l l s ,  bu t  t h i s  is an erroneous impression t h a t  arises because t h e  magni- 
f i c a t i o n  i n  t h e  d i r e c t i o n  perpendicular  t o  t h e  i n t e r f a c e  is  usua l ly  10 t o  
50 t i m e s  t h e  magni f ica t ion  i n  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  i n t e r f a c e .  
Therefore ,  p l a t eau ing  w a s  expected t o  inc rease  contac t  area by a smaller 
f a c t o r  than  one might be l e d  t o  expect  from p ro f i lome te r  traces. 
considered t h a t  p la teaued  a s p e r i t i e s  on oppos i te  s i d e s  of an i n t e r f a c e  
might n o t  make con tac t  w i th  t h e i r  f l a t  t ops  p a r a l l e l ,  i n  which case 
p la t eau ing  would probably b e  of l i t t l e  b e n e f i t .  

W e  a l s o  

3.2 Description o f  the Electrical Pulses 

The electrical p u l s e  genera tor  used i n  t h e  experiments provided 
means of charging c a p a c i t o r s  of 1, 2 ,  o r  10  yf t o  p o t e n t i a l s  up t o  5 kv. 
F i r i n g  an i g n i t r o n  caused t h e  c a p a c i t o r  t o  be  discharged through t h e  load ,  
which cons i s t ed  of t h e  impedance at t h e  j o i n t  i n t e r f a c e .  A l l  experiments 
repor ted  h e r e i n  were performed us ing  t h e  10-yf capac i to r  charged t o  t h e  
maximum p o t e n t i a l  of 5 kv. 
w a s  125 j o u l e s .  To al low abserva t ion  of t h e  shape of t h e  cu r ren t  p u l s e  
t h e  c i r c u i t  included an 0.05-ohm shunt  r e s i s t o r  i n  series w i t h  t h e  load. 

Thus, t h e  energy s t o r e d  i n  t h e  capac i to r  

- 13 - 

% FRANKLIN INSTITUTE RESEARCH LABORATORIES 



F 4 2 0 7 6  
J 

By observing t h e  v o l t a g e  a c r o s s  t h e  shun t ,  it w a s  found t h a t  t h e  d ischarge  
cu r ren t  had a per iod of approximately 24.5 psec and t h a t  i t  decayed t o  
ze ro  i n  approximately t h r e e  cyc les .  Since t h e  shunt  resistance w a s  com- 
pa rab le  t o  t h e  i n i t i a l  resistance of t h e  load  - i .e . ,  t h e  r e s i s t a n c e  
a t  t h e  i n t e r f a c e  between t h e  samples - and t h e  load  r e s i s t a n c e  decreased 
by a f a c t o r  between 3 and 12 during t h e  d ischarge ,  only a f r a c t i o n  of t h e  
energy s to red  i n  t h e  c a p a c i t o r  w a s  d i s s i p a t e d  by mel t ing  a s p e r i t i e s .  
The u s e f u l  energy w a s  f u r t h e r  reduced by l o s s e s  t o  o the r  p a r t s  of t h e  
c i r c u i t ,  s o  t h a t  t h e  energy d i s s i p a t e d  a t  t h e  i n t e r f a c e  may have been 
as l i t t l e  as 1 0  j o u l e s ,  o r  less. 

3 . 3  Experiments w i t h  Aluminum/Aluminum Interface 

S ta t ic  experiments were performed wi th  3.2-mm and 6.4-mm 
(1.8-in. and 1/4-in.)  diameter aluminum rods i n  con tac t  w i t h  t h e  f l a t ,  
f i n e l y  pol i shed  s u r f a c e  of an aluminum (6061-T6) cy l inde r ,  3.8 cm (1.5 
i n . )  i n  diameter .  
600-grit  c l o t h  t o  produce samples having two p a t t e r n s  of p a r a l l e l  grooves 
on t h e  su r face .  The pol i shed  ends of t h e  rods  w e r e  placed i n  contac t  
wi th  t h e  f i n e l y  pol i shed  aluminum su r face  and weighted t o  produce a l i g h t  
contac t  pressure :  220 kN/m2 (32 lb / in2 )  f o r  t h e  3.2-mm rods and 55  kEJ/m2 
(8 lb / in2 )  f o r  t h e  6.4-mm rods.  
i n  F igure  1, and test d a t a  are given i n  Table 1. A d i f f e r e n t  area of 
t h e  su r face  of t h e  1 1 / 2 - i n .  diameter cy l inde r  w a s  used i n  each exper i -  
ment; and each i n t e r f a c e  w a s  sub jec t ed  t o  a s i n g l e  c a p a c i t o r  d i scharge .  

The end f a c e s  of t h e  rods  were pol i shed  wi th  240- and 

The experimental  arrangement i s  shown 

In  a l l  cases, passage of t h e  cu r ren t  p u l s e  through t h e  i n t e r -  
f a c e  caused welding a t  one o r  more small spo t s .  For t h e  3.2-mm diameter 
rods ,  t h e  c ros s - sec t iona l  area of t h e  weld s p o t s  w a s  about 1 /30 th  of t h e  
i n t e r f a c e  area; and f o r  t h e  6.4-mm diameter rods i t  w a s  about 1/60th of 
t h e  i n t e r f a c e  area. 
areas i n  which t h e  r i d g e s  i n  t h e  end f a c e s  of t h e  rods appeared t o  have 
been melted by h e a t  t r a v e l l i n g  r a d i a l l y  outward from t h e  weld spo t .  I n  
t h e s e  p l aces  t h e  s u r f a c e  appeared smoother than  t h e  o r i g i n a l  su r f ace .  
A t  t h e  weld s p o t s ,  o r  course,  t h e  su r face  had t h e  rough shape caused by 
t h e  f r a c t u r e s  t h a t  occurred when t h e  rods were separa ted  from t h e  aluminum 
cy l inde r .  

Surrounding t h e  weld s p o t s ,  there were u s u a l l y  s m a l l  

The e f f e c t  of t h e  pu l ses  i s  i l l u s t r a t e d  i n  F igure  2 ,  which shows 
photomicrographs of t h e  l a r g e r  of two areas a f f e c t e d  by a p u l s e  passed 
through t h e  i n t e r f a c e  between Samples 2 and 8. The b lack  areas are where 
t h e  weld formed by t h e  p u l s e  was f r a c t u r e d  on sepa ra t ing  t h e  p i eces .  (Note 
t h a t  t h e s e  areas are mi r ro r  images of one another  i n  t h e  two photographs.)  
L i t t l e  else happened t o  t h e  s u r f a c e  which w a s  o r i g i n a l l y  f i n e l y  pol i shed;  
o the r  marks which appear i n  t h e  lef t -hand photograph are s c r a t c h e s  caused 
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Sample No. 2 ,  1 1/2-in. diam. a l e  cyl. Sample No. 8, 1/4-in. diam. a l e  rod. 

Or ig ina l  s u r f a c e  f i n i s h e d  i n  v i b r a t o r y  Original surface pol i shed  w i t h  600- 
p o l i s h e r  using 0.3 p (Linde A) abras ive .  g r i t  paper,  

FIG. 2 . PHOTOMICROGRAPH OF AREA AFFECTED BY PASSAGE OF ELECTRICAL 
PULSE THROUGH ALUMINUM/ALUMINUM INTERFACE, 
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by subsequent handling. I n  t h e  right-hand photograph, t h e  l i g h t  areas 
surrounding t h e  b lack  area are where t h e  hea t ing  caused t h e  a s p e r i t i e s  
t o  m e l t .  Outs ide  t h e  l i g h t  areas are t h e  p a r a l l e l  grooves produced by 
pol i sh ing .  

Measurements of t h e  electrical  con tac t  resistance at t h e  j o i n t ,  
be fo re  and a f t e r  pu ls ing ,  showed t h a t  t h e  p u l s e  caused t h e  resistance 
t o  decrease  by a f a c t o r  of approximately 3 f o r  the 3 .2 -m rods and by 
a f a c t o r  of 1 4  f o r  one of t h e  6.4-mm rods.  These reduct ions  of electrical  
resistance probably r e f l e c t  p r imar i ly  t h e  weld e f f e c t  and should n o t  b e  
taken as r e p r e s e n t a t i v e  of t h e  p o t e n t i a l  con tac t  improvement t h a t  can be  
achieved. 

When w e  attempted experiments at contac t  p re s su res  about t w i c e  
t hose  ind ica t ed  above, most of t h e  pu l se  energy seemed t o  be  d i s s i p a t e d  
through a rc ing  between va r ious  p a r t s  of t h e  pu l se  genera tor .  Apparent ly ,  
t h e  a d d i t i o n a l  p re s su re  reduced t h e  e lectr ical  con tac t  r e s i s t a n c e  a t  t h e  
j o i n t  t o  such an ex ten t  t h a t  t oo  l i t t l e  energy w a s  d i s s i p a t e d  a t  t h e  
i n t e r f a c e  and t h e  a s p e r i t i e s  were n o t  hea ted  s u f f i c i e n t l y  t o  m e l t .  

3.4 Experiments with Aluminum/Stainless Steel Interface 

Addi t iona l  experiments were conducted wi th  j u n c t i o n s  between 
t h e  end f a c e s  of 6.4-mm 
steel s u r f a c e ,  w i t h  and without  relative motion between them. 
appara tus  i s  shown i n  F igures  3 ,  4 ,  and 5. 

diameter aluminum rods and a pol i shed  s t a i n l e s s  
The 

The s i z e  of t h e  s t a i n l e s s  steel p l a t e  w a s  5.1 cm x 10.6 cm 
x 1 .9 cm t h i c k  (2 i n .  x 4 3/16 i n .  x 3/4 in . ) .  
i n  t h e  experiments had a maximum f l a t n e s s  dev ia t ion  of 0.66 pm 
and a roughness of 0.010 t o  0.013 pm (4 t o  5 p i n . )  rms. 
t h e  6.4-mm diameter aluminum rods w e r e  po l i shed  on 240-grit  paper  t o  
produce a uniform series of approximately p a r a l l e l  s c ra t ches .  The s t a i n -  
less steel p l a t e  w a s  clamped i n  a vise  a t tached  t o  t h e  t a b l e  of a m i l l i n g  
machine and a l igned  wi th  i ts  su r face  perpendicular  t o  t h e  s p i n d l e  axis. 
Each rod sample w a s  i n s e r t e d  through a c o l l a r  i n  t h e  s p i n d l e  head so  t h a t  
one end f a c e  r e s t e d  f l a t  aga ins t  t h e  s t a i n l e s s  steel p l a t e .  The contac t  
p re s su re  w a s  v a r i e d  between 45 and 166 kN/m2 (6.5 and 24 l b / i n 2 )  by p l ac ing  
weights over  t h e  top  ends of t h e  rods .  The p res su re  on a rod w a s  calcu-  
l a t e d  from t h e  measured weight of rod and added weights  and t h e  c ross -  
s e c t i o n a l  area of t h e  rod.  

The lapped s u r f a c e  used 
(26 p i n . )  

The ends of 

The experimental  d a t a  are given i n  Tables  2 and 3. 
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FIG.  4. DETAIL  OF TEST ASSEMBLY FOR PLATEAUING EXPERIMENTS 
See Fig. 5 f o r  Cross-Section Diagram of Spindle  Head Assemb ly .  
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WEIGHTS 

~ L 

EIIECTRICAL 4 

CONNECTIONS 
TO PULSE 
GENERATOR 

I 

-ALUMINUM SPACER ROD 
(10.15 in. long, 3 in.  d i m )  

MILLING MACHINE 
SPINDLE HEAD 

ALUMINUM ROD SAMPLE 
(2 in .  long, % in .  diam,) 

/- INTERFACE 
1 

& STAINLESS STEEL BLOCK , I (Clamped i n  milling 
machine table,  but  
e l e c t r i c a l l y  insulated 
from i t . )  

F I G .  5 .  ARRANGEMENT FOR PLATEAUING EXPERIMENTS WITH RELATIVE MOTION AT 
THE INTERFACE.  
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The cu r ren t  pu l se s  w e r e  ob ta ined  from a 10-pf c a p a c i t o r  which 
w a s  charged t o  p o t e n t i a l s  of 2 and 5 kv and discharged through t h e  junc- 
t i o n s  between t h e  aluminum rods and t h e  s t a i n l e s s  steel p l a t e .  The 
capac i to r  d i scharge  produced a 43.5-kc cu r ren t  which decayed t o  p r a c t i c a l l y  
ze ro  amplitude w i t h i n  2 o r  3 cyc les .  Typ ica l  o sc i l l o scope  traces of t h e  
p u l s e  are shown i n  F igure  6 .  The magnitude of t h e  f i r s t  cu r ren t  peak 
w a s  on t h e  o rde r  of 104 amp and t h e  corresponding peak p o t e n t i a l  a c r o s s  
t h e  j u n c t i o n  ( i n  series w i t h  a 50-mC2 r e s i s t o r )  w a s  a few hundred v o l t s .  
With one except ion,  t h e  con tac t  r e s i s t a n c e s  of t h e  j u n c t i o n s ,  be fo re  t h e  
d i scha rge ,  v a r i e d  between 6 and 50 mC2, depending on how w e l l  t h e  p a r t s  
w e r e  mated, bu t  having l i t t l e  apparent  r e l a t i o n  t o  t h e  con tac t  p r e s s u r e s  
wi th in  t h e  small range s t a t e d  above. The con tac t  r e s i s t a n c e s  measured 
a f t e r  t h e  d ischarges  v a r i e d  between 1.4 and 4 . 7  mC2. 
t i o n ,  t h e  con tac t  r e s i s t a n c e  w a s  0.08 mi2 before  and af ter  t h e  d ischarge .  

For t h e  one excep- 

The energy d i s s i p a t e d  through t h e  j u n c t i o n s  during t h e  f i r s t  
ha l f  cyc le  of t h e  d ischarge  cu r ren t  w a s  es t imated t o  be  a few j o u l e s ,  o r  
about one-tenth t h e  energy s t o r e d  i n  t h e  capac i to r .  It w a s  es t imated  as 
fol lows.  The v a l u e s  of V given i n  Tables  2 and 3 are t h e  peak p o t e n t i a l  
drops ac ross  t h e  series combination of an 0.05-mC2 r e s i s t o r  and t h e  elec- 
t r i ca l  r e s i s t a n c e ,  r ,  of t h e  i n t e r f a c e .  (Actual ly ,  t h e  load  had an 
induc t ive  component, bu t  i t s  e f f e c t  w a s  ignored f o r  purposes of t h i s  
approximation. ) Although t h e  va lue  of i n t e r f a c e  resistance changed 
during t h e  experiment,  w e  assumed t h a t  t h e  change during t h e  f i r s t  ha l f  
cyc le  w a s  s m a l l  enough t o  be ignored i n  t h i s  c a l c u l a t i o n .  
two express ions  f o r  t h e  energy d i s s i p a t e d  during a ha l f  cyc le  i n  t h e  
resistance r ,  w e  were a b l e  t o  compute v a l u e s  of r as w e l l  as of energy: 

By w r i t i n g  1 

1 2  E = - I  r T ,  4 

) I T ,  
1 r 

r + 0.05 E = 7 V  ( 

where E = energy d i s s i p a t e d  i n  resistance, r ,  dur ing  1 /2  cyc le ,  
I = peak cu r ren t  through r ,  
V = peak p o t e n t i a l  ac ross  series combination of r and 

T = per iod  of e lectr ical  pu l se .  
0 . 0 5 4  r e s i s t o r ,  

The r e l i a b i l i t y  of t h i s  method of e s t ima t ing  E is supported by t h e  f a c t  
t h a t  t h e  va lues  of r obta ined  from t h e  above equat ions w e r e  in te rmedia te  
between t h e  va lues  of e lectr ical  con tac t  resistance be fo re  and a f t e r  
a p p l i c a t i o n  of t h e  pulse .  
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Y = Potentia? across interface and 0.05-8 res i s tor  i n  series, 200 v/div.  
I = Potential across 0.05-Q res i s tor  i n  ser ies  with interface, 

200 v/div. 

Exp. P21 Exp. P24 
No motion a t  interface. Capacitor 
charged t o  2 kv ,  0.36 in/sec. Capacitor chrged  

Speed of s ta inless  steel plate = 

t o  5 kv. 

FIG, 6 TYPICAL OSCILLOSCOPE TRACES OBTAINED BY DISCHARGING 10-pf 
CAPACITOR ACROSS ALU I~UM/STAI~LESS STEEL INTERFACE. 
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To produce relative motion at t h e  junc t ion ,  t h e  m i l l i n g  machine 
t a b l e  t o  which t h e  steel p l a t e  w a s  clamped w a s  moved h o r i z o n t a l l y  a t  a 
speed of about 1 .0  cm/sec by t u r n i n g  t h e  advancing wheel by hand. The 
rods  w e r e  f r e e  t o  move up and down i n  t h e  alignment c o l l a r  t o  remain i n  
contac t  w i th  t h e  p l a t e  a t  cons tan t  p r e s s u r e  even though t h e  p l a t e  w a s  
n o t  p e r f e c t l y  f l a t .  When t h e  s t a i n l e s s  steel p l a t e  w a s  set i n  motion, 
f r i c t i o n  a t  t h e  i n t e r f a c e  tended t o  move t h e  bottom end of t h e  rod wi th  
i t .  Because of t h e  f i n i t e  c learance  i n  t h e  a l ign ing  c o l l a r ,  t h e  rod w a s  
t i l t e d  s l i g h t l y  from t h e  perpendicular  t o  t h e  p l a t e .  Therefore ,  t h e  
contac t  w a s  b e t t e r  n e a r  t h e  lead ing  edge of t h e  rod;  and i n  a l l  t h e  
experiments involving relative motion between t h e  rod and p l a t e ,  t h e  
e f f e c t s  of t h e  cu r ren t  pu l se  w e r e  confined t o  t h e  area nea r  t h e  lead ing  
edge. 

Examination of t h e  a f f e c t e d  sur f  aces under a microscope i n d i -  
ca ted  that a s p e r i t i e s  on t h e  aluminum su r face  melted at s m a l l  s c a t t e r e d  
s p o t s ,  and minute q u a n t i t i e s  of aluminum w e r e  deposi ted on t h e  s t a i n l e s s  
steel  su r face  a t  mating l o c a t i o n s .  
welds w e r e  produced i n  t h e  s t a t i c  experiments ,  b u t  i t  w a s  d i f f i c u l t  t o  
a s c e r t a i n  t h i s .  Af t e r  an experiment t h e  e lectr ical  connect ions could be 
removed, and by lowering t h e  m i l l i n g  machine t a b l e  i t  w a s  p o s s i b l e  t o  
lower t h e  rod-plate  assembly so  t h a t  t h e  rod w a s  f r e e d  from t h e  a l ign ing  
c o l l a r .  I n  one case, a f t e r  t h i s  w a s  done, i t  w a s  no t i ced  t h a t  t h e  rod 
remained s tuck  t o  t h e  p l a t e .  However, t h e  f o r c e  of attachment w a s  s o  
weak t h a t ,  while  removing t h e  e lec t r ica l  connections and lowering t h e  
m i l l i n g  machine t a b l e ,  it w a s  d i f f i c u l t  t o  avoid breaking any bonds t h a t  
might be present .  

There w a s  some evidence t h a t  weak 

In  t h e  s ta t ic  experiments,  i t  w a s  no t i ced  t h a t  less aluminum 
w a s  depos i ted  on t h e  s t a i n l e s s  s t ee l  p l a t e  when t h e  contac t  p re s su re  
w a s  increased .  Apparently,  i nc reas ing  t h e  contac t  p re s su re  had t h e  e f f e c t  
of improving t h e  condi t ions  f o r  cu r ren t  f low s o  t h a t  t h e r e  w a s  less  
melt ing of aluminum. 
and 165 kN/m2 , however, t h e r e  w a s  no c o r r e l a t i o n  of p re s su re  wi th  e lectr ical  
contac t  r e s i s t a n c e  among t h e  few samples t e s t e d .  

Within t h e  range of contac t  p re s su res  between 45 

Increas ing  t h e  energy i n  t h e  cu r ren t  p u l s e  had t h e  e f f e c t  of 
i nc reas ing  t h e  t o t a l  area of su r face  where mel t ing  o r  metal depos i t i on  
occurred. This  took p l a c e  more by an enlargement of a f f e c t e d  spo t s  than  
by an i n c r e a s e  i n  t h e i r  number. 

I n  experiments involving t r a n s l a t o r y  motion of t h e  s t a i n l e s s  
steel p l a t e  r e l a t i v e  t o  t h e  aluminum rods - i n  add i t ion  t o  t h e  afore-  
mentioned misalignment e f f e c t  which confined t h e  a f f e c t e d  areas t o  t h e  
v i c i n i t y  of t h e  l ead ing  edge of t h e  rod - t h e r e  r e s u l t e d  a sc ra t ch ing ,  
p r imar i ly  of t h e  aluminum su r faces ,  apparent ly  due t o  r e s o l i d i f i e d  b i t s  
of aluminum melted by t h e  cu r ren t  pu l se .  This  i s  i l l u s t r a t e d  i n  Figure 7 .  
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Sample 17 
Exp. P25 

FIG. 7 .  PHOTOMICROGRAPH SHOWING SCRATCHING CAUSED BY RELATIVE MOTION AT 
INTERFACE 

0 Photograph shows end of aluminum rod which was i n  contact w i t h  
s ta inless  s teel  plate. 

0 Black spots are areas where asperi t ies  melted when e l ec t r i c  pulse 
was passed t h r o u g h  the interface. 

o Vertical scratches are due t o  polishing on 240-grit paper. 
Horizontal scratches were probably abraded by bits o f  resolidified 
aluminum as the s ta inless  steel  plate was moved t o  the l e f t .  
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Such sc ra t ch ing  d id  no t  occur when t h e  s t a i n l e s s  steel p l a t e  w a s  moved 
relative t o  t h e  aluminum rod i n  t h e  absence of an electrical  pulse .  
Therefore ,  t h e  sc ra t ches  w e r e  probably caused by t h e  r e s o l i d i f  i ed  b i t s  
of metal depos i ted  on t h e  stainless steel s u r f a c e  o r  trapped i n  t h e  
i n t e r f a c e .  The f a c t  t h a t  most such s c r a t c h e s  t r a i l e d  behind s p o t s  where 
melt ing had occurred f u r t h e r  cor robora tes  t h i s  veiw. 

3.5 Conclusions 

From t h e s e  observa t ions  w e  conclude t h e  fol lowing : 

1. 

2. 

3 .  

4 .  

The contac t  p re s su re  of t h e  p a r t s  t o  be subjec ted  t o  t h e  
pu l se  technique must be kept  low; i f  t h e  p re s su re  i s  
h igh  enough t o  cause good electrical contac t  t h e r e  
may be i n s u f f i c i e n t  hea t ing  of t h e  a s p e r i t i e s .  

A t  low contac t  p re s su res ,  even w i t h  r e l a t i v e l y  f l a t  
s u r f a c e s ,  contac t  occurs  a t  no more than  a few po in t s .  
Therefore ,  t h e  pu l ses  must be  appl ied  r epea ted ly  t o  
a f f e c t  t h e  e n t i r e  i n t e r f a c e .  However, t h e r e  i s  a 
l i m i t  t o  t h e  expected b e n e f i t ,  because t h e  i n c r e a s e  
i n  t h e  number of contac ts  t h a t  w i l l  r e s u l t  from re- 
peated pu l s ing  w i l l  reduce t h e  e l e c t r i c a l  contac t  
resistance and tend t o  induce t h e  t r o u b l e  d iscussed  
i n  conclusion No. 1. Furthermore, repeated appl ica-  
t i o n  of p u l s e s  w i l l  c e r t a i n l y  inc rease  t h e  a f f e c t e d  
area, but  i t  i s  d i f f i c u l t  t o  see how it  can produce 
uniform coverage of t h e  i n t e r f a c e .  

For an aluminum/aluminum i n t e r f a c e ,  without  relative 
motion of t h e  mated p a r t s ,  t h e  e f f e c t  of t h e  cu r ren t  
pu l se  i s  t o  cause welding at t h e  p o i n t s  of contac t .  
T h i s  sugges ts  t h a t  re la t ive motion is  e s s e n t i a l  It 
a l s o  sugges ts  t h a t  t h e  material out  of which t h e  
r e fe rence  su r face  is  made should have a high mel t ing  
po in t  and no t  be e a s i l y  w e t  bymel t ed  aluminum. 

I n  s m a l l  areas surrounding t h e  welded s p o t s ,  mel t ing  
of t h e  a s p e r i t i e s  produced a s u r f a c e  which appeared 
smoother than  t h e  o r i g i n a l  s u r f a c e  but  rough compared 
t o  a well-polished su r f  ace. 
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5. The o v e r a l l  impression obta ined  from t h e s e  experiments 
i s  t h a t  b e t t e r  r e s u l t s  can be obtained by having 
relative motion at t h e  i n t e r f a c e ,  r epea t ing  t h e  pulse@,  
and choosing a b e t t e r  r e fe rence  su r face ;  but  i t  does 
no t  seem encouraging t h a t  an acceptab ly  smooth s u r f a c e  
can be achieved by t h i s  method. 

The experiments have revea led  no evidence t o  support  t h e  
f e a s i b i l i t y  of u s ing  electrical  pu l ses  t o  p l a t e a u  a s p e r i t i e s  wi th  t h e  
o b j e c t  of prepar ing  su r f  aces t h a t  w i l l  have g r e a t e r  thermal  contac t  
conductance a t  a j o i n t  For t h e  most p a r t ,  t h e  su r face  areas a f f e c t e d  
by t h e  pu l ses  w e r e  made rougher than  t h e  o r i g i n a l  su r f ace .  Because of 
s c ra t ch ing  caused by t h e  r e s o l i d i f i e d  m e t a l  , t h e  i n t r o d u c t i o n  of rela- 
t i v e  motion a t  t h e  i n t e r f a c e  dur ing  puls ing  worsened, i n s t e a d  of improving 
condi t ions .  It must b e  emphasized t h a t  t h e  r e s u l t s  are q u a l i t a t i v e  and 
app l i cab le  only  w i t h i n  t h e  narrow range of experimental  parameters  
i n v e s t i g a t e d .  I f  one bea r s  i n  mind t h a t  t h e  a p p l i c a t i o n  of t h e  process  
would no t  j u s t i f y  an extremely c o s t l y  procedure,  however, t h e r e  does 
no t  appear t o  be a reasonable  hope t h a t  o the r  experimental  condi t ions  
would prove t h e  method f e a s i b l e .  
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4 .  PL IABLE SURFACE EXPERIMENTS 

4.1 In t roduct ion  

Smoother su r faces  t end  t o  have more uniform d i s t r i b u t i o n  of 
contac t  s p o t s  w i th in  macro-contact areas; but t h e  s i z e  and d i s t r i b u t i o n  
of macro-contact areas are con t ro l l ed  by su r f  ace waviness,  which p reven t s  
uniform con tac t  over t h e  e n t i r e  i n t e r f a c e .  It i s  d i f f i c u l t  t o  prepare  
su r faces  f r e e  of waviness, and tremendous f o r c e s  are requi red  t o  produce 
reasonably uniform contac t  between wavy su r faces .  Considerat ion of ways 
of overcoming waviness l e d  t o  t h e  i d e a  of making a t  least one of t h e  
contac t ing  s u r f a c e s  p l i a b l e  so t h a t  i t  could be made t o  conform t o  t h e  
shape of t h e  mating su r face .  

The method chosen t o  produce a p l i a b l e  s u r f a c e ,  i l l u s t r a t e d  

The i n t e n t i o n  w a s  t h a t  applying p res su re  t o  t h e  pas t e  
i n  Figure 8 ,  w a s  t o  u s e  a t h i n  metal f o i l  backed by a p a s t e  o r  l i q u i d -  
f i l l e d  cav i ty .  
o r  l i q u i d  would f o r c e  t h e  f o i l  t o  conform t o  t h e  shape of t h e  oppos i te  
member of t h e  j o i n t ,  t hus  producing uniform contac t  over t h e  i n t e r f a c e .  
It w a s  f e l t  t h a t  t h i s  might r e d i s t r i b u t e  t h e  contac t  areas i n  a way 
t h a t  decreases  t h e  c o n s t r i c t i o n  r e s i s t a n c e ,  even i f  i t  d i d  no t  r e s u l t  
i n  increased  area of a c t u a l  contac t  f o r  a given load .  I n  an a p p l i c a t i o n ,  
i t  would be  necessary t o  anchor and seal t h e  f o i l  along i t s  per imeter .  
P re s su re  would then  be appl ied  t o  t h e  f l u i d  behind t h e  f o i l  t o  f o r c e  
i t  t o  conform t o  t h e  shape of t h e  oppos i t e  member of t h e  j o i n t .  I n  t h e  
test arrangement shown i n  F igure  8 ,  an O-ring w a s  used both t o  anchor 
t h e  f o i l  and t o  seal t h e  f l u i d  behind it .  

Although our experiments d i d  not  support  t h e  f e a s i b i l i t y  of 
t h e  p l i a b l e  s u r f a c e  technique,  it may nonethe less  be u s e f u l  t o  record  
an idea  f o r  a t t a c h i n g  t h e  f o i l  t o  t h e  r i g i d  s u r f a c e  along i ts  per imeter  
i n  any f i n a l  a p p l i c a t i o n .  U l t r a son ic  welding [14] i s  one of t h e  methods 
t h a t  should be considered. 
process  as it permi ts  j o i n i n g  without  t h e  a p p l i c a t i o n  of h e a t ,  and t h e  
metals never  reach  t h e i r  mel t ing  temperatures .  
appl ied  i n  t h e  p l ane  of t h e  weld s h a t t e r  t h e  oxide and o t h e r  contaminating 
l a y e r s  covering t h e  m e t a l  s u r f a c e s  and reduce t h e i r  y i e l d  s t r e n g t h  so 
t h a t  only a s m a l l  clamping f o r c e  is  necessary t o  b r ing  t h e  m e t a l s  i n t o  
in t ima te  con tac t .  U l t r a s o n i c  welding has been used t o  j o i n  t h i n  f o i l s  
t o  heav ie r  s e c t i o n s ,  and u l t r a s o n i c  r i n g  welders have been used t o  her -  
me t i ca l ly  seal v o l a t i l e  o r  explos ive  materials. 

Th i s  t y p e  of welding i s  a s o l i d  state bonding 

High-frequency v i b r a t i o n s  

Computations (Appendix A) were made t o  estimate t h e  f o i l  t h i ck -  
ness requi red  i n  applying t h e  p l i a b l e  s u r f a c e  technique of improving 
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FIG.  8. SCHEME OF APPARATUS FOR INVESTIGATING THE USE OF A 
PLIABLE SURFACE TO INCREASE THE CONTACT CONDUCTANCE 
AT AN INTERFACE. 
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thermal  contac t  conductance. Using classical  p l a t e  theory  and h igh ly  
s impl i f i ed  mathematical  models, it w a s  es t imated  that a f o i l  of 1 m i l  
t h i ckness  should be  a b l e  t o  touch t h e  v a l l e y s  of s m a l l  s u r f a c e  waves 
under an  appl ied  p res su re  of 200 kN/m When cons ider ing  
l a r g e r  s u r f a c e  waves we  found t h a t  only a n e g l i g i b l e  p re s su re  w a s  r equ i r ed  
t o  make t h e  f o i l  touch t h e  bottoms of t h e  waves. 
t i o n s  f o r  t h e  l a r g e  s u r f a c e  waves, however, are l a r g e r  than  t h e  f o i l  
t h i ckness ,  s o  t h a t  t h i s  r e s u l t  i s  sub jec t  t o  f u r t h e r  i n v e s t i g a t i o n .  

2 (30 l b / i n 2 ) ,  

The requi red  de f l ec -  

For t h e  above method t o  be success fu l ,  t h e  material used t o  
f i l l  t h e  c a v i t y  should not  in t roduce  s i g n i f i c a n t  thermal resistance. 
Because of t h e i r  h igh  thermal  conduct iv i ty  and a b i l i t y  t o  make intimate 
contac t  with s u r f a c e s ,  l i q u i d  metals* such as mercury would be thermal ly  
s u p e r i o r  t o  h igh  vacuum grease .  Experiments [13] have shown t h a t  t h e  
thermal contac t  conductance between pure mercur and a chromium o r  

ab ly  h igher  between mercury and a copper su r face .  
b e  compared w i t h  t h e  va lues  of contac t  conductance under moderate loads 
between aluminum s u r f a c e s ,  which are i n  t h e  range 3000 t o  30,000 Wm-2 "C-1. 

n i c k e l  s u r f a c e  i s  i n  t h e  range 5 t o  20 Wm-2 "C- P , and i t  i s  consider-  
These numbers may 

I n  our  search  f o r  c a v i t y  f i l l e r s ,  w e  l earned  of a l i q u i d  m e t a l  
alloy** which w a s  adve r t i s ed  as having t h e  a b i l i t y  t o  " w e t "  v i r t u a l l y  
anything and t o  make low r e s i s t a n c e  thermal  contac t  t o  d i f f i c u l t  mater- 
i a l s  inc luding  r e f r a c t o r i e s ,  p l a s t i c s ,  and metals. For thermal  conduc- 
t ance ,  however, i t  might no t  be  e s s e n t i a l  t o  have excep t iona l ly  good 
wet t ing .  An a n a l y s i s  [12]  of t h e  experimental  d a t a  of many workers l e d  
t o  t h e  conclusion t h a t  nonwetting may impose a s i g n i f i c a n t  e lectr ical  
r e s i s t a n c e  between a s u r f a c e  and a l i q u i d  m e t a l ,  but  i t  has  a n e g l i g i b l e  
e f f e c t  on i n t e r f a c i a l  thermal resistance i n  nonboi l ing systems. 

Of t h e  l i q u i d  m e t a l s ,  mercury, w i t h  a mel t ing  po in t  of -37.97"FY 
i s  t h e  only one capable of func t ion ing  w i t h i n  most of t h e  temperature  
range from -40°F t o  140"F, as usua l ly  requi red  f o r  spacec ra f t  appl ica-  
t i o n s .  The l i q u i d  metal wi th  t h e  next  higher  mel t ing  po in t  i s  t h e  
e u t e c t i c  a l l o y  of sodium and potassium (NaK), which m e l t s  a t  12°F. 

Although l i q u i d  metals and a l l o y s  have c e r t a i n  advantages,  
t h e r e  are unfo r tuna te ly  a number of reasons why I t  might no t  be f e a s i b l e  
t o  u s e  them i n  a p r a c t i c a l  app l i ca t ion .  Some steels have good cor ros ion  
r e s i s t a n c e  t o  mercury and N a K ,  b u t  aluminum has poor r e s i s t a n c e  [35] .  
For example, mercury amalgamates s o  r e a d i l y  wi th  aluminum t h a t  i t  would 
des t roy  a t h i n  f o i l .  

* The p r o p e r t i e s  of l i q u i d  metals and t h e i r  u se  as hea t  t r a n s f e r  media 

**"Wetalloy-232", developed by Vic to r  King Laboratory,  Los  Al tos  , C a l i f .  

are descr ibed  i n  Reference 32. 
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Another shortcoming of some l i q u i d  metals, such  as sodium and potassium, 
is  t h e i r  v i o l e n t  chemical i n t e r a c t i o n  wi th  water and oxygen. 

A search  f o r  a s u i t a b l e  f l u i d  o r  p a s t e  t o  f i l l  t h e  c a v i t y  
behind t h e  p l i a b l e  s u r f a c e  revea led  t h e  fol lowing.  
f i l l e d  w i t h  metall ic oxides  has  a thermal  conduc t iv i ty  about t w i c e  t h a t  
of an u n f i l l e d  g rease  and about 1/500th of t h e  thermal conduc t iv i ty  of 
aluminum. Therefore ,  even i f  i t  w e r e  p o s s i b l e  t o  reduce t h e  th i ckness  
of t h e  g rease  l a y e r  t o  25 pm (0.001 i n . ) ,  it would be  thermal ly  equi-  
v a l e n t  t o  1.3 cm (0.5 i n . )  of aluminum. Considering, fur thermore,  t h a t  
t h e r e  would be  some thermal r e s i s t a n c e  a t  t h e  two i n t e r f a c e s  between 
t h e  g rease  l a y e r  and i t s  metal boundaries ,  it i s  ev ident  t h a t  a g rease  
would not  b e  a s u i t a b l e  f i l l e r  f o r  t h e  c a v i t y  behind t h e  p l i a b l e  su r face .  
Ordinary l i q u i d s  are sub jec t  t o  t h e  same ob jec t ions .  
s e e m  t o  have s u f f i c i e n t l y  h igh  thermal  conduct iv i ty  t o  m e e t  t h e  needs 
of t h e  p re sen t  a p p l i c a t i o n .  

A g rease  heav i ly  

Only l i q u i d  metals 

Although t h e  sea rch  f o r  a f l u i d  t o  meet t h e  needs of t h e  
f i n a l  a p p l i c a t i o n  d id  no t  seem hopefu l ,  i t  w a s  easier t o  m e e t  t h e  needs 
of t h e  f e a s i b i l i t y  s tudy .  W e  found t h a t  p i eces  of aluminum of t h e  type  
used i n  t h e  test f i x t u r e ,  inc luding  an aluminum f o i l ,  showed no percep- 
t i b l e  damage a f t e r  being exposed t o  mercury f o r  more than  two weeks a t  
room temperature .  Therefore ,  w e  decided t o  use  mercury i n  t h e  prel imin-  
ary experiments involv ing  e lec t r ica l  conductance measurements. To avoid 
t h e  p o s s i b i l i t y  of a c c i d e n t a l l y  contaminating t h e  complex thermal  con- 
ductance column wi th  mercury, however, thermal measurements under vacuum 
were made wi th  a g rease  f i l l i n g  t h e  c a v i t y  behind t h e  f o i l .  

4.2 Preliminary Pliable Surface Experiments 

While p repa ra t ions  were being made f o r  thermal  contac t  con- 
ductance measurements under vacuum, va r ious  pre l iminary  p l i a b l e  s u r f a c e  
experiments w e r e  performed us ing  e lectr ical  conductance measurements 
t o  i n d i c a t e  t h e  ex ten t  of contac t  between a t h i n  m e t a l  f o i l  and a 
wavy sur f  ace. 

To  inc rease  t h e  g e n e r a l i t y  of t h e  r e s u l t s  and make them 
amenable t o  mathematical  a n a l y s i s ,  an e f f o r t  w a s  made t o  produce a 
s u r f a c e  of known waviness. Since t h e  a n a l y s i s  given i n  Appendix A 
showed that g r e a t e r  p re s su re  i s  r equ i r ed  t o  make f o i l s  conform t o  t h e  
shape of s m a l l  waves than  t o  l a r g e  waves, w e  aimed toward producing a 
su r face  having s m a l l  waves; bu t  t h i s  had t o  b e  compromised wi th  t h e  
d i f f i c u l t y  of machining such a su r face .  An at tempt  t o  g r ind  a series 
of p a r a l l e l ,  v s h a p e d  grooves onto aluminum f a i l e d  because t h e  s i z e  of 
su r face  i r r e g u l a r i t i e s  produced w a s  comparable t o  t h e  d e s i r e d  depth of 
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t h e  grooves.  
however, which i s  much easier t o  g r ind  than  aluminum. 
(No. 10) w a s  a cy l inde r  3 . 8  cm (1 1 / 2  i n . )  i n  diameter  and approximately 
1 . 9  c m  ( 3 / 4  i n . )  long. 
grooves machined on to  t h e  s u r f a c e  had t h e  shape shown i n  F igure  9.  The 
l a c k  of symmetry w a s  caused by d i f f i c u l t i e s  experienced i n  d re s s ing  t h e  
edge of t h e  gr inding  wheel used t o  cu t  t h e  grooves.  

Acceptable r e s u l t s  w e r e  ob ta ined  wi th  hardened steel, 
The steel sample 

P ro f i l ame te r  measurements showed t h a t  t h e  p a r a l l e l  

0.100 in .  

L( 

1' 

TYPICAL HEIGHT OF ASPERITIES 
ALONG SIDES = lopin. 

- 400 p in. 

FIG. 9 . CROSS SECTION OF GROOVES I N  WAVY SURFACE* 

The appara tus  used i n  some of t h e  pre l iminary  experiments i s  

The lower sample i s  t h e  steel cy l inde r  w i t h  a wavy su r face .  
shown i n  F igures  10 and 11. 
Figure  8. 
The c a v i t y  i n  t h e  upper cy l inde r  w a s  f i l l e d  wi th  mercury o r  an electric- 
a l l y  conductive p a s t e .  
o v e r f i l l e d  wi th  t h e  p a s t e  before  t h e  f o i l  w a s  placed over i t .  
sample assembly w a s  then  clamped i n  t h e  hydraul ic  p r e s s ,  and pres su re  
w a s  appl ied  t o  t h e  p a s t e - f i l l e d  cav i ty  from a l i n e  connected through a 
r e g u l a t o r  t o  a cy l inde r  of compressed air. To f i l l  t h e  cav i ty  wi th  
mercury i n s t e a d  of p a s t e ,  t h e  appara tus  w a s  f i r s t  assembled as shown 
i n  F igure  10. The system, except  f o r  t h e  p re s su re  gage, was evacuated 
by connecting a vacuum pump t o  t h e  s i d e  opening of t h e  g l a s s  f l a s k .  

The sample assembly shown corresponds t o  

When p a s t e  w a s  used, t h e  c a v i t y  w a s  s l i g h t l y  
The 
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FIG.  10 . PHOTOGRAPH OF APPARATUS USED FOR PRELIMINARY PLIABLE SURFACE 
EXPERIMENTS (See Fig. 1 1  for detail o f  sample assembly.) 
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FIG. 11 . PHOTOGRAPH OF SAMPLE ARRANGEMENT USED FOR PRELIMINARY PLIABLE SURFACE 
EXPERIMENTS. 
The upper cy1 inder contained the mercury- 
which could be pressurized. 

I) The lower cylinder had a surface of known waviness. 
0 The d i sh  was used t o  catch mercury spilled when the samples were 

disassembled. 
A bakelite disc over the upper sample, and sheets of other insulating 
materials were used t o  isolate the assembly electrically from the 
hydraulic press e 

or  grease-filled cavity 
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Then t h e  tube  passing through t h e  rubber s topper  w a s  pushed downward 
u n t i l  i t s  bottom end w a s  i n  t h e  pool  of mercury i n s i d e  t h e  f l a s k ;  and 
a i r  w a s  l e t  i n t o  t h e  f l a s k  t o  f o r c e  t h e  mercury i n t o  t h e  prev ious ly  
evacuated system, inc luding  t h e  c a v i t y  above t h e  f o i l .  The f l a s k  and 
t h e  tube  connected t o  i t  w e r e  then  removed, and a cy l inde r  of compressed 
a i r ,  w i th  a r egu la to r ,  w a s  a t tached  i n  its p lace .  

Before t h e  appara tus  descr ibed  above became a v a i l a b l e ,  a few 
experiments w e r e  conducted wi th  t h e  s impler  arrangement shown i n  F igure  
12.  

E lec t r ica l  
Connections 

Milliohmeter 
to S t e e l  Cylinder 

FIG. 12 . ARRANGEMENT FOR MEASURING ELECTRICAL CONTACT RESISTANCE 
BETWEEN A METAL FOIL AND A METAL SURFACE. 
A vertical  clamping force was applied i n  a hydraulic press. 
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4.2.1 Experiments w i th  Aluminum F o i l  

I n  a l l  of t h e  experiments descr ibed below, t h e  aluminum f o i l  
w a s  25 pm (1 mi l )  t h i c k ,  of t h e  t y p e  so ld  i n  grocery stores f o r  wrapping 
food. The i n t e r f a c e  of i n t e r e s t  w a s  always t h a t  between t h e  f o i l  and 
a steel cy l inde r  wi th  a wavy s u r f a c e  shaped as shown i n  F igure  9.  

I n  one experiment,  t h e  arrangement w a s  t h a t  shown i n  F igure  12,  
except t h a t  t h e  upper aluminum cy l inde r  w a s  d i r e c t l y  i n  contac t  w i t h  t h e  
aluminum f o i l .  Without any compressive f o r c e ,  except  t h e  weight of t h e  
aluminum c y l i n d e r ,  t h e  contac t  r e s i s t a n c e  w a s  36 m a .  A compressive f o r c e  
of 1 1 1 O N  (250 l b )  w a s  adequate t o  reduce t h e  resistance t o  about ha l f  
i t s  o r i g i n a l  va lue .  Increas ing  t h e  f o r c e  t o  2700 N (600 l b )  produced 
l i t t l e  f u r t h e r  reduct ion  i n  contac t  resistance. I n  t h i s  case t h e  contac t  
between t h e  f o i l  and t h e  wavy s u r f a c e  w a s  confined t o  t h e  r i d g e s  of t h e  
grooves i n  t h e  s teel  su r face .  

p u t t y ,  as shown i n  F igure  12.  The i n i t i a l  contac t  r e s i s t a n c e  under a 
s m a l l  com ressive f o r c e  w a s  23 mil. Increas ing  t h e  p re s su re  t o  about 

i nc rease  i n  p re s su re  t o  about 14,000 kN/m2 (2000 lb / in2 )  produced extremely 
l i t t l e  f u r t h e r  reduct ion  i n  con tac t  resistance. 
f o i l  conformed t o  t h e  shape of t h e  mating s u r f a c e  when t h e  p re s su re  w a s  
1400 W/m2 (200 l b / i n 2 ) ,  and inc reas ing  t h e  p re s su re  caused n e g l i g i b l e  
improvement i n  con tac t .  S imi l a r  r e s u l t s  w e r e  obtained when p r e s s u r e  
w a s  appl ied  t o  t h e  f o i l  through a shee t  of f l uo ro - s i l i cone  rubber ,  
2.4 mm (3/32 i n . )  t h i c k .  

I n  another  experiment , t h e  f o i l  w a s  backed by a l a y e r  of 

1400 kN/m 5 (200 l b / i n 2 )  reduced t h e  contac t  resistance t o  9 d. Fur ther  

It i s  p o s s i b l e  t h a t  t h e  

A l l  of t h e  f o i l s  which were pressed aga ins t  t h e  grooved s u r f a c e  
wi th  p re s su res  exceeding approximately 3500 W/m2 (500 l b / i n 2 )  had a 
permanent p a t t e r n  of l i n e s  engraved i n  them: heavy l i n e s  corresponding 
t o  t h e  r i d g e s  of t h e  grooves and f i n e r  p a r a l l e l  l i n e s  corresponding t o  
smaller machine marks along t h e  s i d e s  of t h e  grooves. 

Two a d d i t i o n a l  experiments w e r e  conducted wi th  t h e  appara tus  
shown i n  F igure  10 ,  p re s su re  being appl ied  t o  t h e  f o i l  through mercury 
f i l l i n g  t h e  cav i ty  behind i t .  I n  both  cases, t h e  f o i l  w a s  o r i e n t e d  so 
t h a t  t h e  d i r e c t i o n  i n  which i t  had been r o l l e d  (during manufacture) w a s  
perpendicular  t o  t h e  grooves. The s i d e  of t h e  f o i l  f a c i n g  t h e  grooved 
steel su r face  w a s  i n  one case t h e  shiny s i d e  and, i n  t h e  o the r  case, t h e  
d u l l  s i d e .  
w i t h  a f o r c e  which w a s  maintained cons tan t .  With t h e  d u l l  s i d e  of t h e  
f o i l  i n  contac t  wi th  t h e  steel  s u r f a c e ,  t h e  contac t  r e s i s t a n c e  w a s  

The sample assembly w a s  clamped i n  t h e  hydrau l i c  p re s su re  
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i n i t i a l l y  about 11 mil; and it remained approximately cons tan t  as t h e  
p re s su re  on t h e  f o i l  w a s  increased  t o  2000 kN/m2 (300 l b / i n 2 ) .  With 
t h e  sh iny  s i d e  i n  contac t  w i th  t h e  steel s u r f a c e ,  t h e  i n i t i a l  con tac t  
r e s i s t a n c e  w a s  22 mil .  It decreased t o  7 mil as t h e  p re s su re  w a s  increased  
t o  700 kN/m2 (100 l b / i n 2 ) ,  and it  remained cons tan t  as t h e  p re s su re  w a s  
increased  f u r t h e r  t o  3280 kN/m2 (475 l b / i n 2 ) .  

4.2.1 ( a )  Conclusions 

The conforming of a f o i l  t o  a wavy s u r f a c e  seems t o  occur i n  
two s t ages :  f i r s t  t h e  f o i l  comes i n t o  contac t  wi th  t h e  t i p s  of a s p e r i -  
t ies ,  then  i t  makes more in t ima te  con tac t  w i t h  t h e s e  a s p e r i t i e s .  
p re s su re  on t h e  order  of 700 kN/m2 (100 l b / i n 2 )  seems t o  be  adequate t o  
cause a 25-~m(l-mil)  t h i c k  aluminum f o i l  t o  come i n t o  contac t  w i t h  t h e  
t i p s  of a s p e r i t i e s  on grooves r e p r e s e n t a t i v e  of t y p i c a l  su r f  ace waviness. 
Much h igher  p re s su re  i s  requi red  t o  cause b e t t e r  contac t  i n  t h e  second 
s t a g e ,  because t h i s  r e q u i r e s  t h a t  t h e  f o i l  make sha rpe r  bends and t h a t  
t h e  a s p e r i t i e s  p e n e t r a t e  t h e  f o i l  t o  some ex ten t .  
r e s i s t a n c e  i s  decreased by a s m a l l  f a c t o r  (about 3 )  during t h e  f i r s t  
s t age ;  bu t  ve ry  l i t t l e  change occurs  during t h e  second s t a g e ,  even when 
t h e  p re s su re  i s  increased  by an o rde r  of magnitude. 

A 

The e lec t r ica l  contac t  

4.2.2 Experiments w i t h  Copper Foil  

Two experiments w e r e  conducted with a copper f o i l ,  2.5 u m  
(0.1 m i l )  t h i c k .  The f i r s t  experiment w a s  conducted with t h e  arrangement 
shown i n  F igure  1 2 ,  us ing  a shee t  of rubber t o  t r a n s f e r  p re s su re  t o  t h e  
f o i l .  
96 m52. 
(140 l b / i n 2 ) ,  and inc reas ing  t h e  p re s su re  t o  7240 kN/m2 (1050 l b / i n 2 )  
produced very  l i t t l e  f u r t h e r  change i n  r e s i s t a n c e .  I n  f a c t ,  t h e  last 
inc rease  i n  p re s su re  (from 4800 t o  7240 kN/m2) caused a 10 percent  increase 
i n  contac t  resistance. Apparently,  t h i s  w a s  caused by a t e a r i n g  of t h e  
f o i l  a long an approximately c i r c u l a r  l i n e  having a diameter equal  t o  
three-fourths  of t h e  sample diameter ,  which i s  shown i n  F igure  13. The 
wr inkles  seen i n  F igure  13 w e r e  probably caused by con t r ac t ion  of t h e  
rubber shee t  upon release of t h e  p re s su re  on it. 

A t  a p re s su re  of 145 kN/m2 (21 l b / i n 2 )  t h e  contac t  r e s i s t a n c e  was 
This  decreased t o  24 mS2 as t h e  pressure  w a s  increased  t o  965 kN/m2 

The second experiment w a s  performed w i t h  t h e  arrangement shown 
i n  F igures  10  and 11, us ing  an e l e c t r i c a l l y  conductive paste* i n  t h e  c a v i t y -  
behind t h e  f o i l .  There were some u n c e r t a i n t i e s  i n  t h e  measurements be- 
cause of d i f f i c u l t i e s  i n  connecting t h e  mil l iohmeter  lead  t o  t h e  f o i l .  
However , d i sca rd ing  doub t fu l  measurements , t h e  i n i t i a l  con tac t  r e s i s t a n c e  - 
without any p res su re  appl ied  t o  t h e  pas t e  - w a s  56 mil. 
t h e  p re s su re  t o  3500 kN/m2 (500 l b / i n 2 )  and r e l e a s i n g  i t ,  t h e  contac t  

*Eccoshield W, manufactured by Emerson & Cuming, Inc. ,  Canton, Mass. 

After inc reas ing  

. . . . .  
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FIG. 13 . APPEARANCE OF A COPPER F O I L  AFTER BEING PRESSED AGAINST A 
GROOVED STEEL SURFACE. 

0 The tes t  arrangement was t h a t  shown i n  Fig. 1 2 ,  using a 
rubber gaske t .  

0 The maximum pres su re  a p p l i e d  was 1050 l b / i n  . 2 
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r e s i s t a n c e  w a s  1 7  mQ. The r e s i s t a n c e  a t  in t e rmed ia t e  p re s su res  w a s  un- 
c e r t a i n  because of t h e  problem mentioned above. Af t e r  t h e  experiment ,  
t h e  f o i l  d i d  no t  have any of t h e  type  of wr inkles  found i n  t h e  rubber-  
backed f o i l .  Also,  t h e r e  were no engraved markings caused by contac t  
wi th  t h e  grooves,  such as were formed on t h e  aluminum f o i l s .  
of engravings may have been due t o  t h e  p l i a b i l i t y  of t h e  excep t iona l ly  
t h i n  f o i l .  

The absence 

4 . 3  Measurements o f  Thermal Contact Conductance 
u r f  ace Sampl e 

i n a r y  p l i ab le - su r face  experiments discussed 

1) copper f o i l ,  which w a s  considered t o  
i n  Sec t ion  4 conductance measurements w e r e  made under 

b l e  f o i l s  f o r  making 

proximately 1.9 cm (0.75 i n . )  long.  One of 
r f a c e  on one end; the mating end of t h e  o t h e  
copper f o i l  backed by a t h i n  l a y e r  of p a s t e  
t o  f o r c e  t h e  f o i l  a g a i n s t  t h e  wavy su r face .  

cy l inde r s  of 6061-T6 alum 

ce appara tus ,  borrowed from NASA, is 
Figure  14.  The vacuum system was 

e involved several problems: It: w a s  
ace of s imple,  known geometry onto  alum- 
tead  of steel. The arrangement (Figure 10)  
r y  experiments w a s  too  bulky t o  f i t  i n t o  
he  thermal  conductance column. Space 
h e  sample be  pre-assembled before  i n s e r -  
ov is ion  f o r  pre-assembly had t o  be such 
of hea t  f l u x  from t h e  main pa th  through 
very  l i t t l e  space a v a i l a b l e  f o r  t h e  

d t h e  f o i l  t o  a source  of compressed 
a i r ,  and t h e  e n t i r e  arrangement had t o  be  l e a k  t i g h t .  

The sample arrangement shown i n  F igure  15 overcame a l l  of t h e  
above problems adequately f o r  t h e  purposes of t h e s e  tests. 
of producing a wavy su r face  i n  aluminum w a s  solved by impressing t h e  
shape machined i n t o  t h e  steel  sample (Figure 9 )  onto t h e  f a c e  of an 
aluminum cy l inde r  , us ing  a phys ica l  t e s t i n g  machine. 
t o  produce t h e  p l a s t i c  deformation of t h e  aluminum s u r f a c e  (6061-T6) w a s  
approximately 400,000 W/m2 (60,000 l b / i n z ) .  

The problem 

The p res su re  requi red  

To avoid t h e  r i sk  of 
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FIG. 15. SAMPLE USED FOR THERMAL CONTACT CONDUCTANCE MEASUREMENTS. 
See Fig.  8 for  Schematic Cross Section of Arrangement and 
Fig.  16 for Actual Cross Section o f  Upper Half. 
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FIG. 16. 
WITH CAVITY FOR PASTE OR L I Q U I D  . . 

CROSS SECTION OF SAMPLE 

a c c i d e n t a l l y  contaminating t h e  appara tus  wi th  mercury , w e  used a thermal ly  
conductive grease* i n  t h e  c a v i t y  behind t h e  f o i l .  
i n  F igure  16 ,  w a s  made as small as p o s s i b l e  t o  minimize i t s  thermal  
resistance. 
half  of t h e  sample assembly, w i th  t h e  j u n c t i o n s  n e a r  t h e  ax is .  at d i s t a n c e s  
of 0.152, 0.510, 1.020, 1.520 cm (0.060, 0.200, 0.400 and 0.600 in . )  from 
t h e  i n t e r f a c e .  
0.76 mm (0.030 i n . )  i n  diameter,  s t agge red  circumf.erent ia l ly .  

The c a v i t y ,  shorn 

Four copper-constantan thermocouples were mounted i n  each 

They were cemented w i t h  an epoxy cement i n t o  r a d i a l  ho le s ,  

The assembled thermal  conductance column, inc luding  t h e  sample, 
w a s  permit ted t o  outgas  f o r  more than 24 hours be fo re  t h e  tests were 
i n i t i a t e d .  The p r e s s u r e  w i t h i n  t h e  vacuum chamber remained equal  t o  
4 x 10-5 mm Hg throughout t h e  tests. The load  on t h e  sample w a s  maintained 
cons tan t  a t  approximately 4030 N (906 l b ) ,  y i e ld ing  an apparent  contac t  
p re s su re  of 3530 kN/m2 (512 l b / i n 2 ) .  The p res su re  on t h e  p a s t e  tending 
t o  f o r c e  t h e  copper f o i l  aga ins t  t h e  r i g  d wavy s u r f a c e  w a s  va r i ed  be- 
tween atmospheric p re s su re  and 1140 W/m (165 l b / i n 2 ) .  This  p re s su re  
was appl ied  over an area having a diameter  of approximately 3 cm 
(1 3/16 i n . ) ,  so  t h a t  t h e  maximum load  appl ied  t o  t h e  f o i l  w a s  approxi- 
mately 810 N (182 l b ) .  
bellows p r e s s u r e  w a s  needed t o  main ta in  a cons tan t  load on t h e  column 
when t h e  p a s t e  p re s su re  w a s  va r i ed .  

*Dow-Corning 304 s i l i c o n e  heat-s ink compound. 

5 

It w a s  found t h a t  ba re ly  any adjustment of t h e  
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The hea t ing  and cool ing  rates at oppos i te  ends of t h e  column 

Errat ic  behavior  of t h e  c o n t r o l  c i r c u i t s  on t h e  6 guard h e a t e r s  
were ad jus t ed  t o  main ta in  t h e  sample i n t e r f a c e  a t  approximetely 24OC 
(75'F). 
intended t o  prevent  r a d i a l  hea t  l o s s e s  prevented t h e i r  use.  Therefore ,  
t h e  upper p a r t  of t h e  sample, which w a s  c l o s e r  t o  t h e  heated end of t h e  
column, had a l a r g e r  a x i a l  hea t  f l u x  than  t h e  lower p a r t  of t h e  sample. 
The hea t  f l u x ,  q ,  used t o  compute t h e  thermal contac t  conductance w a s  
taken as t h e  mean of t h e  f l u x e s  through t h e  two ha lves  of t h e  sample. 

The thermal  contac t  conductance w a s  computed wi th  t h e  formula 

h = q/AT , 

where AT, t h e  temperature  drop ac ross  t h e  i n t e r f a c e ,  w a s  determined by 
t h e  usua l  procedure of e x t r a p o l a t i n g  t h e  temperature  g rad ien t  i n  each 
ha l f  of t h e  sample  t o  t h e  in te r face ,which  we  d i d  mathematically.  

One thermocouple i n  each sample w a s  i nope ra t ive  ( i n  one case 
because of a broken l e a d ,  i n  t h e  o the r  case because of t r o u b l e  i n  t h e  
a s soc ia t ed  c i r c u i t r y )  and t h e  sample thermocouple nearest t h e  i n t e r f a c e  
wi th  t h e  hea t  s i n k  gave low readings which were n o t  u s e f u l  i n  computing 
t h e  temperature  g r a d i e n t ,  which appeared t o  change r ap id ly  wi th  d i s t a n c e  
i n  t h e  v i c i n i t y  of t h e  hea t  s ink .  For tuna te ly ,  i n  each sample t h e  two 
thermocouples c l o s e s t  t o  t h e  i n t e r f a c e  between f o i l  and wavy s u r f a c e  
funct ioned normally , y i e l d i n g  measurements from which t h e  temperature  
g rad ien t s  w e r e  computed. Although t h e  u s e  of 2 ,  i n s t e a d  of 3 o r  4 ,  
temperatures  i n  computing t h e  temperature  g rad ien t  reduced t h e  accuracy, 
i t  remained adequate f o r  t h e s e  experiments.  

The temperatures  wi th in  t h e  sample were measured t h r e e  o r  four  
t i m e s  a t  each s e t t i n g  of t h e  p re s su re  i n  t h e  p a s t e - f i l l e d  c a v i t y ,  always 
i n  t h e  same sequence, and a va lue  of h w a s  computed f o r  each set of t e m -  
pe ra tu re  measurements. Since t h e  v a l u e s  of h a t  a given p res su re  d i d  n o t  
show a t r e n d ,  t h e i r  average w a s  used as t h e  r e p r e s e n t a t i v e  va lue .  

The r e s u l t s ,  which are p l o t t e d  i n  F igure  1 7 ,  are somewhat 
d i f f i c u l t  t o  i n t e r p r e t .  The apparent  tendency of t h e  thermal contac t  
conductance t o  decrease  as t h e  p a s t e  p re s su re  w a s  i nc reased ,  a l though a 
s l i g h t  e f f e c t ,  i s  oppos i t e  t o  t h e  e f f e c t  t h a t  had been a n t i c i p a t e d .  Also, 
t h e  p o i n t  at 267 m/m2 (38 .7  l b / i n 2 )  does not  f a l l  i n  l i n e  wi th  t h e  re- 
maining p o i n t s ;  bu t  since i t  rep resen t s  t h e  average of 5 sets of measure- 
ments which d id  n o t  e x h i b i t  any p e c u l i a r i t i e s ,  no reason could be found 
f o r  d i sca rd ing  it. Ac tua l ly ,  t h e  s l i g h t  change ind ica t ed  by t h e  curve 
i n  F igure  1 7  i s  comparable t o  t h e  v a r i a t i o n s  among i n d i v i d u a l  va lues  of 
h a t  a given p res su re ,  and i t  i s  t h e r e f o r e  not  c e r t a i n  t h a t  t h e  apparent 
t r end  i s  real. What can be s a i d  is  t h a t  i nc reas ing  t h e  p a s t e  p re s su re  up 
t o  1140 IcN/m2 (165 l b / i n 2 )  had very  l i t t l e  in f luence  on t h e  thermal  contac t  
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conductance. 
of which could be v e r i f i e d ,  fo l lows  la te r  i n  t h i s  s ec t ion .  

A d i scuss ion  of p o s s i b l e  experimental  d i f f i c u l t i e s  , none 

2 
Following t h e  tests a t  1140 kN/m , t h e  p re s su re  on t h e  p a s t e  

w a s  r e tu rned  t o  atmospheric p re s su re  , and t h e  temperatures  w i t h i n  t h e  
sample were remeasured. Unfor tuna te ly ,  a f t e r  one set of measurements, 
a set screw on t h e  s h a f t  of t h e  thermocouple s e l e c t o r  swi tch  w i t h i n  t h e  
vacuum chamber became l o o s e ,  making i t  impossible  t o  proceed w i t h  f u r t h e r  
measurements. The s i n g l e  va lue  of h obtained from t h i s  set of measure- 
ments w a s  t h e  s a m e  as t h e  average va lue  obtained from t h e  immediately 
preceding tests a t  1140 kN/m2. It is  poss ib l e  t h a t  f r i c t i o n ,  between 
t h e  p a s t e  and t h e  w a l l s  of t h a t  po r t ion  of t h e  tube  (Figure 15)  which 
contained p a s t e ,  prevented t h e  i n t e r f a c e  condi t ions  from changing s i g n i -  
f i c a n t l y  a f t e r  t h e  p re s su re  w a s  decreased. However, i n  view of t h e  f a c t  
t h a t  only one measurement w a s  made a f t e r  reducing t h e  p re s su re ,  a r e l i a b l e  
i n t e r p r e t a t i o n  of t h e  observa t ion  i s  no t  poss ib l e .  

A t  t h e  end of t h e  experiments,  t h e  sample w a s  disassembled and 
examined c a r e f u l l y .  No evidence of malfunct ion w a s  observed. The f o i l  
had remained i n t a c t ,  and t h e  p a s t e  had remained sea l ed  i n  t h e  cav i ty  
behind i t .  
p a s t e  c a v i t y  and observing t h a t  t h i s  caused p a s t e  w i t h i n  t h e  tube  t o  
flow i n t o  t h e  c a v i t y ,  w e  v e r i f i e d  t h a t  t h e r e  w a s  no blockage which might 
have prevented t ransmiss ion  of t h e  appl ied  p res su re  t o  t h e  cavi ty .  Our 
thought t h a t  t h e  i n t e r f a c e  between p a s t e  and a i r  w i t h i n  t h e  tube  w a s  f a r  
enough from t h e  c a v i t y  t o  prevent  compressed air from en te r ing  t h e  c a v i t y  
w a s  v e r i f i e d  when t h e  f o i l  was removed, as w e  then  observed no  evidence 
of a i r  having en tered  t h e  cav i ty .  
would cast doubt on t h e  v a l i d i t y  of t h e  experiments.  

By applying a s m a l l  p r e s su re  t o  t h e  tube  connected t o  t h e  

I n  s h o r t ,  no th ing  w a s  observed t h a t  

Our va lues  of thermal contac t  conductance, a l l  of which w e r e  
c l o s e  t o  4700 Wm-2 O C - l ,  may be compared wi th  va lues  i n  t h e  v i c i n i t y  of 
3000 Wmm2 OC-' obtained by Cunnington [31] f o r  samples of 6061-T4 aluminum 
a t  apparent  contac t  p re s su res  of about 600 M / m 2  (90 l b / i n 2 ) .  
presence of a paste-f i l l e d  c a v i t y  i n  our  arrangement tended t o  decrease  
t h e  thermal  contac t  conductance. This  w a s  p a r t l y  compensated by t h e  s m a l l  
but  unavoidable ,  d i r e c t  contac t  between t h e  two samples and t h e  f o i l  a long 
t h e  o u t e r  edge of t h e  i n t e r f a c e .  I n  view of t h e s e  d i f f e r e n c e s  and t h e  
many experimental  d i f f i c u l t i e s  experienced i n  t h e  p re sen t  tests, i t  is 
encouraging t h a t  our  values  of conductance are comparable t o  va lues  
repor ted  by o t h e r s .  

The 
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4 . 3 . 2  Conclusions 

The above r e s u l t s  do no t  suppor t  t h e  f e a s i b i l i t y  of t h e  p l i a b l e  
s u r f a c e  technique f o r  i nc reas ing  thermal  contac t  conductance. F o i l s  of 
o t h e r  materials on hand (0.001-in. t h i c k  aluminum and 0.012-in. t h i c k  
indium) would be expected t o  be even less e f f e c t i v e  than  the 2.5-pm 
(0.0001-in.) t h i c k  copper f o i l  which w a s  t e s t e d .  
c u l t i e s  of applying t h e  p l i a b l e  s u r f a c e  technique i t  would have t o  be 
s u p e r i o r  t o  o t h e r  methods of i nc reas ing  thermal  con tac t  conductance i n  
order  f o r  i ts  u s e  t o  be  j u s t i f i e d .  For example, t h e  u s e  of t h i n  indium 
f o i l  a t  an i n t e r f a c e  has  been shown t o  be capable  of i nc reas ing  t h e  theqna l  
contac t  conductance by an  o rde r  of magnitude i n  a vacuum environment, i t  
can be concluded t h a t  our p l i a b l e  s u r f a c e  arrangement i s  much less e f f e c -  
t i v e  than  t h e  u s e  of a t h i n  f o i l  alone.  Improvements of t h e  p l i a b l e  s u r f a c e  
technique are l i k e l y  t o  be  achieved only  w i t h  cons iderable  e f f o r t ,  bu t  
i n  any case it  is doubt fu l  t h a t  s u p e r i o r i t y  over o t h e r  techniques can be  
achieved. 

Because of t h e  d i f f i -  

A s  p r e s e n t l y  conceived, t h e  p l i a b l e  su r face  technique invo lves  
t h e  in t roduc t ion  of a l a y e r  of a p a s t e  o r  l i q u i d  ( i n  t h e  cav i ty  behind 
t h e  f o i l )  , which has  lower thermal conduc t iv i ty  than  t h e  material i t  
r e p l a c e s ,  and t h e  a d d i t i o n  of two i n t e r f a c e s  ( t h e  boundaries  of t h e  
pas te -  or  l i q u i d - f i l l e d  l a y e r )  which add t o  t h e  thermal  r e s i s t a n c e .  
t h e  p l i a b l e  s u r f a c e  must e f f e c t  a reduct ion  of thermal contac t  r e s i s t a n c e  
a t  t h e  i n t e r f a c e  wi th  t h e  wavy su r face  simply t o  achieve p a r i t y  wi th  t h e  
usua l  j o i n t  i n t e r f a c e .  The pre l iminary  experiments provided evidence t h a t  
a p r a c t i c a l  p re s su re  i s  adequate t o  cause a t h i n  f o i l  t o  conform t o  t h e  
envelope of t h e  small-scale a s p e r i t i e s  of a wavy s u r f a c e ,  bu t  t h a t  beyond 
t h i s  i t  i s  d i f f i c u l t  t o  i nc rease  t h e  area of a c t u a l  con tac t ,  even wi th  
a p p l i c a t i o n  of q u i t e  h igh  pressures .  The s i t u a t i o n  can b e  a l l e v i a t e d  
by making t h e  s u r f a c e s  smoother, bu t  it i s  doub t fu l  t h a t  t h e  r e q u i s i t e  
improvement can be  achieved without  unreasonable e f f o r t  . 

Thus, 
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APPENDIX A 

ESTIMATION OF PLIABLE SURFACE REQUIREMENTS * 

The ob jec t  of t h e  fol lowing computations w a s  t o  determine 
wtiether ord inary  f o i l s  can b e  made t o  conform t o  t h e  shape of a wavy 
su r f  ace wi th  t h e  a p p l i c a t i o n  of reasonable  p re s su re .  
purposes ,  w e  thought t h a t  i t  would be p o s s i b l e  t o  design a p l i a b l e  sur -  
f a c e  of 1 - m i l  t h i c k  aluminum f o i l ,  s ay ,  i f  t h e  computations showed t h a t  
i t  would deform adequately under a p r e s s u r e  of about 100 lb / in2 .  Based 
on information i n  t h e  l i t e r a t u r e  [ 3 3 ] .  The fo l lowing  wavelengths and 
amplitudes were taken  t o  r ep resen t  t h e  smallest and l a r g e s t  waves t h a t  
might be  encountered i n  t h e  geometry of metal su r faces :  

For r e fe rence  

Amp 1 i t u  de Wavelength 
(11 i n . )  ( i n . )  

Minimum 80 0.04 

Maximum 1600 0.4 

The a s p e r i t i e s  a s soc ia t ed  w i t h  su r f  ace roughness were no t  Considered. 

A given s u r f a c e  may have waves which are corrugated o r  s p h e r i c a l  
i n  n a t u r e ,  depending upon t h e  method of f a b r i c a t i o n .  A s  a f o i l  i s  pressed  
aga ins t  a su r face  i t  t ends  t o  come i n  contac t  f i r s t  with t h e  peaks and 
then  g radua l ly  wi th  t h e  v a l l e y s .  
behavior  would have t o  cons ider  t h e  o v e r a l l  f o i l ,  w i t h  r e p r e s e n t a t i v e  
boundary condi t ions  a t  i t s  per iphery ,  and fo l low t h e  motion as t h e  
p re s su re  on t h e  f o i l  i s  g radua l ly  increased ,  t ak ing  i n t o  account t h e  
kinematic c o n s t r a i n t s  f o r  a given s u r f a c e  p a t t e r n .  We s impl i f i ed  t h e  
model by cons ider ing  an i s o l a t e d  po r t ion  of t h e  f o i l  over a s i n g l e  su r -  
f a c e  wave and neg lec t ing  i ts  i n t e r a c t i o n  wi th  t h e  remainder of t h e  f o i l .  
We considered i s o l a t e d  f o i l  s e c t i o n s  which are e i t h e r  c i r c u l a r  f o r  spher i -  
cal waves o r  r ec t angu la r  f o r  corrugated waves. 
f i xed  and simply supported boundary condi t ions  w a s  considered.  Classical 
p l a t e  theory  w a s  assumed, which i s  v a l i d  only f o r  p l a t e  d e f l e c t i o n s  which 
are s m a l l  compared t o  t h e  p l a t e  t h i ckness .  

A reasonably c l o s e  approximation of t h e  

The behavior  f o r  both 

Based on t h e  c a l c u l a t i o n s  ( see  below) made wi th  t h e  h ighly  
s impl i f i ed  mathematical  models which we considered , w e  es t imated  t h a t  a 
f o i l  of 1 m i l  t h i ckness  should be ab le  t o  touch t h e  a l l e y s  of t h e  smallest 
su r face  waves under an  appl ied  p r e s s u r e  of 30 l b / i n  . When cons ider ing  
t h e  l a r g e r  s u r f a c e  waves, w e  found t h a t ,  based on classical p l a t e  theory ,  
on ly  a n e g l i g i b l e  p re s su re  w a s  requi red  t o  have t h e  p l a t e  touch t h e  bottom. 
The requi red  d e f l e c t i o n s  f o r  t h e  l a r g e  su r face  waves, however, are l a r g e r  
than  t h e  f o i l  t h i ckness ,  so t h a t  t h i s  r e s u l t  is sub jec t  t o  f u r t h e r  

*This a n a l y s i s  w a s  conducted by L. Berkowitz. 
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i n v e s t i g a t i o n ,  poss ib ly  us ing  Von Karman l a r g e  d e f l e c t i o n  p l a t e  theory  
as d iscussed  i n  Ref. 2 4 .  S t r e s s e s  i n  a l l  cases w e r e  found t o  be w i t h i n  
t h e  y i e l d  s t r e n g t h .  

The c a l c u l a t i o n s  descr ibed  above are adequate t o  i n d i c a t e  t h e  
f e a s i b i l i t y  of u s ing  f o i l s .  Fur ther  i n s i g h t  i n t o  t h e  behavior  of f o i l s  
pressed a g a i n s t  wavy s u r f a c e s  could be gained by t h e  fol lowing analyses:  

1. Behavior of a f o i l  s e c t i o n  over l a r g e  s u r f a c e  waves us ing  
l a r g e  d e f l e c t i o n  p l a t e  theory .  

2. Behavior of t h e  e n t i r e  f o i l ,  due cons idera t ion  being given 
t o  t h e  boundary cond i t ions  a t  t h e  f o i l  per iphery  f o r  several wave p a t t e r n s .  

3.  Deformations of t h e  a s p e r i t i e s  on t h e  mating Surfaces .  
Because of t h e  sharp peaks i t  is a n t i c i p a t e d  t h a t  p l a s t i c  flow would 
have t o  be considered.  

Simply Supported Edge 

Computations f o r  Spher ica l  Wave 

The f o i l  i s  considered t o  be a c i r c u l a r  p l a t e  of r a d i u s ,  a ,  
Then, from Roark [25] ,  Table  X ,  Case-1, wi th  simply supported edges.  

t h e  maximum d e f l e c t i o n  a t  t h e  center  i s  

where 

2 - 3W (m - 1)(5m + l ) a  - 
2 2  1 6 n E m  t YO 

m = l /Po i s son ' s  r a t i o ,  

a = r a d i u s  of p l a t e ,  ( i n )  , 
t = p l a t e  th i ckness ,  ( i n ) ,  

W = IT a p ,  ( l b ) ;  p = pres su re  on p l a t e ,  ( l b / i n  ), 
2 2 

2 
E = modulus of e l a s t i c i t y ,  ( l b / i n  ), 

= d e f l e c t i o n  a t  c e n t e r ,  ( i n ) .  
YO 

The maximum stress i s  given by ,  

3w (3m + 1 )  (5 I D  = 
2 8 r r m t  

Assume v a l u e s  of E and v r e p r e s e n t a t i v e  of aluminum: 

r 
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7 2 E = 10 l b / i n  

v = 0.333, m = 3. 

Then, f o r  aluminum 
2 -7 pa = 0.667 x 10 , 

t YO 

and f o r  most materials , 
2 1.25 pa 

2 
0 = a  t 

t r t 

I f  yo = t ,  then  from (3)  , 
1 /4  = t = 0.01606 a (p )  . 

YO 

Consider t h e  s p h e r i c a l  wave of minimum wavelength and dep th ,  

-4 = 0.8 x 10 i n .  
yo 

a = 0.02 i n . ,  

L e t t i n g  t = . 0 0 1 i n . ,  and us ing  Eq. ( 3 ) ,  we f i n d  

- - (lom3l3 0.8 x = 7 - 5 1  l b / i n  2 ., 
4 0.667 x x (0.02) 'reqd 

and Eq. ( 4 )  gives  us  

2 2 0 02 
r 0.001 0 = 1.25 x 7.51 x (-) = 3760 l b / i n  . 

Now, cons ider  a s p h e r i c a l  wave of maximum wavelength and depth: 

= 0.0016 i n .  
YO 

a = 0.2 i n . ,  

Again l e t t i n g  t = 0.001 i n .  , Eqs. (3) and ( 4 )  g ive  us 

2 
= 0.015 l b / i n  , - - 0.0016 x lo-' 

0.667 16  'reqd 

1.25 x 0.015 x 0.04 
= 750 lb/in 2 o =  r 

(3)  

( 4 )  

A-3 

*E FRANKLIN INSTITUTE RESEARCH LABORATORIES 



F42076  

Note t h a t  t h e  d e f l e c t i o n  i s  g r e a t e r  than t h e  f o i l  th ickness ;  
hence t h e  computed p res su re  and stress based on t h e  above formulas are 
inaccura t e .  But, even allowing a l a r g e  margin f o r  e r r o r ,  i t  seems 
reasonable  t o  expect  t h a t  t h e  p re s su re  r equ i r ed  t o  produce t h e  assumed 
d e f l e c t i o n  w i l l  be  low. 

Since t h e  minimum su r face  wave seems t o  d e t  rmine t h e  p l a t e  
= 0.8 x 10  des ign ,  assume t h a t  t h e  a v a i l a b l e  p re s su re  i s  50 l b / i n  

i n . ,  and a = 0.02 i n .  Then, from Eq. ( 3 ) :  

-4 
' yo 

5 

3 0.667 x x 50 x 16 x = 6.67 -9 , t =  
0.8 

t = 0.00188 i n .  

If t = 0.002 i n . ,  t h e  requi red  p res su re  is  

- - 0.8 x x 8 x lo-' = 6o lb/in 2 , 
0.667 x x 16  x 'reqd 

and t h e  r e s u l t i n g  maximum stress is  

2 
(T = 1.25 x 60 x = 7500 l b / i n  . 

4 x r 

Clamped Edge 

From Ref. 26, pages 60 and 6 1  , f o r  a c i r c u l a r  p l a t e  w i t h  
clamped edges 

3 E t  
4 
=E D =  

2 12(1  - v ) '0 64D ' 

2 
= 0.75 p 2 a (at edges) .  0 

t max 

2 
Again t ak ing  E = lo7  l b / i n  , and v = 0.333,  w e  have 

5 3  7 3  
= 9 . 3 6  x 1 0  t 10 x t 

12(1  - 0.111) D =  

4 -7 pa = 0.167 x 10  
t y o  
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Consider a minimum s u r f a c e  wave: 

= 0.8 x in . ,  -2 
YO 

a = 2 x 10 i n . ,  

and l e t  t = lom3 i n .  Then 

2 
= 30 l b / i n  , - 0.8 - 

0.167 x lom7 x 16  x 'reqd 

and 

2 
0 = 0.75 x 30 x 400 = 9000 l b / i n  . max 

Computation f o r  C y l i n d r i c a l  Wave 

Consider a r ec t angu la r  s t r i p  of width,  b = Za, and l e n g t h ,  
R = 4b, and assume a l l  edges are f ixed .  FromRoark [25] ,  Table  X,  Case 41: 

- - 0.0284 pb4 
5 E t 3  (1 + 1.056 c1 ) 

where b 
a CY, = - =  1 /4 ,  a5 2 0 . 

Again cons ider ing  a s u r f a c e  wave of minimum wavelength and 
depth 

-4 
= 0.8 x 10 i n . ,  

7 2 
YO 

b = 0.4 i n . ,  

and t ak ing  t = loy3 i n . ,  E = 10 l b / i n  , 

w e  have 
4 -7 pa - - pb4 = 0.0284 x 16  x 10 

t 7 3  10 x t  YO 

Comparing t h e  above formula w i t h  Eq. (3), corresponding t o  a 
c i r c u l a r  s e c t i o n  of r ad ius  a , i t  i s  apparent  t h a t  a long r ec t angu la r  p l a t e  
of width 2a is  more f l e x i b l e  than  a c i r c u l a r  p l a t e  of diameter 2a. 
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APPENDIX B 

PRESSURE-INDUCED PHASE TRANSFORMATION 
IN INTERFACE BONDING MATERIALS* 

The t r u e  metal-to-metal con tac t  area of two metal p l a t e s  b o l t e d  
toge the r  i n  a convent ional  manner i s  q u i t e  s m a l l  - on t h e  o rde r  of a few 
percent  of t h e  apparent  contac t  area. I n  a vacuum, conduction of hea t  
between two p l a t e s  bo l t ed  toge the r  depends e s s e n t i a l l y  e n t i r e l y  on t h e  
a c t u a l  metal-to-metal con tac t ,  as t h e  voids  between t h e  con tac t s  w i l l  be  
a c t i n g  as e x c e l l e n t  i n s u l a t o r s .  I n  o rde r  t o  improve hea t  t r a n s f e r  under 
such condi t ions  i t  w a s  suggested t o  consider  bonding t h e  i n t e r f a c e  w i t h  
a m e t a l  t h a t  undergoes a phase t r a n s i t i o n  i n  t h e  temperature  and p r e s s u r e  
range of t h e  b o l t i n g  opera t ion .  A f o i l  made of t h e  m e t a l  could be placed 
between t h e  two p l a t e s  t o  be j o i n e d ;  and, upon a p p l i c a t i o n  of p re s su re  
through t i g h t e n i n g  t h e  b o l t s  , t h e  f o i l  may undergo t h e  phase t ransformat ion .  
During t h e  t ransformat ion ,  increased  p l a s t i c i t y  would e x i s t  and thus  t h e  
bonding material would r e a d i l y  f low and i n c r e a s e  t h e  contac t  area. 
t h e  bonding material w e r e  b r i t t l e ,  t h e  j o i n t  could be r e a d i l y  broken, 
thus  meeting t h e  requirement f o r  t h i s  c a p a b i l i t y  i n  t h e  contemplated 
a p p l i c a t i o n .  The r e s u l t s  of a b r i e f  exp lo ra to ry  s tudy on t h e  p o s s i b l e  
ex i s t ence  of such a m e t a l  are repor ted  below. 

I f  

There are many metals i n  e lemental  form and metal a l l o y s  which 
undergo phase t ransformat ion  upon a p p l i c a t i o n  of pressure .  However, t h e  
p re s su res  are u s u a l l y  r e l a t i v e l y  high - on t h e  o r d e r  of 150,000 t o  500,000 
lb / in2 .  Th i s  i s  considerably above t h e  y i e l d  s t r e n g t h  of many s o f t  metals 
which may be considered as bonding materials, and t h u s  i t  might be expected 
t h a t  t h e  material may y i e l d  and flow be fo re  t h e  t ransformat ion  p res su re  
i s  reached. A f u r t h e r  problem is  t h e  a c t u a l  product ion of t h e  h igh  pres-  
s u r e s  needed t o  cause a phase t ransformat ion .  However, on a microscopic  
scale t h e  real p res su re  reached between l o c a l  a s p e r i t i e s  pf t h e  two p l a t e s  
may b e  e a s i l y  as high as 100 t i m e s  t h e  p re s su re  based on t h e  apparent  
contac t  area; and, i f  t h e  bonding material  surrounding t h e  l o c a l  con tac t  
p o i n t s  does no t  f low due t o  f r i c t j o n ,  cold work o r  mechanical r e s t r a i n t ,  
s u i t a b l e  t ransformat ion  p res su res  may b e  reached. 

For t h e  purposes of t h e  p re sen t  exp lo ra to ry  s tudy metals 
which e x h i b i t  phase t ransformat ions  up t o  approximately 30 k i l o b a r s  
( 1  k i l o b a r  i s  equiva len t  t o  14,500 p s i )  and i n  t h e  temperature  range 
-40°F t o  +140"F w e r e  sought.  The p res su re  range w a s  determined from 
Table  B 1 .  

*This s e c t i o n  is  based on a memo w r i t t e n  by D r .  J .  Hanafee on h i s  
pre l iminary  i n v e s t i g a t i o n  of a sugges t ion  by D r .  J .  Meakin. 
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CONTACT PRESSURES IN BOLTED JOINTS 
% Real 
Contact Real Contact 

Apparent Contact Area Bol t  Material  Load Area Pressure 
( i  n2> (1b)  (%) ( l b / i n 2 )  ( k i l o b a r s )  

A1 umi num 1,500 1 50,000 3.4 
5 10,000 0.7 

S tee 1 15,000 1 500,000 34.5 
5 100,000 6.9 

Several types  of t ransformat ion  may occur  upon a p p l i c a t i o n  of 
a conf in ing  p res su re .  Five elements are known t o  go from s o l i d  t o  l i q u i d ,  
i .e. , t h e i r  mel t ing  p o i n t s  decrease w i t h  i n c r e a s i n g  p res su re ,  and t h e  
t ransformat ion  p res su re  of two of t h e s e  elements, ga l l ium and bismuth, 
are i n  t h e  approximate range of t h e  p re sc r ibed  p res su res  and temperatures ,  
The t ransformat ion  of t h e  f o i l  material t o  l i q u i d  would b e  extremely 
h e l p f u l  i n  inc reas ing  t h e  contac t  area. 

A second type of t ransformat ion  which may occur  upon appl ica-  
t i o n  of p re s su re  i s  a s o l i d  going t o  so l id-p lus- l iqu id .  Such a t r a n s f o r -  
mation would b e  nea r ly  as e f f e c t i v e  as a so l id - to - l iqu id  t ransformat ion  
i n  inc reas ing  contac t  area. Unfortunately , few pressure-temperature- 
composition phase diagrams are a v a i l a b l e .  However, from (1) one atmos- 
phere phase diagrams, (2) pressure- temperature  diagrams of t h e  elements , 
and ( 3 )  explora tory  s t u d i e s  by P .  W .  Bridgman [ 2 7 ,  28, 29 ,  301 t h e r e  
appear t o  b e  several poss ib l e  b ina ry  systems which may b e  u t i l i z e d  as 
bonding material. 
The mel t ing  temperature  of both of these  elements decreases  w i t h  inc reas ing  
p res su re  and both elements e x h i b i t  complete n a t u r a l  s o l u b i l i t y .  
l i k e l y  s u c c e s s f u l  systems of t h i s  type  c o n s i s t  o f  one of t h e  elements 
whose mel t ing  temperature  decreases  w i t h  p re s su re ,  and a second element 
which (1) forms a low mel t ing  poin t  phase wi th  t h e  f i r s t  element,  o r  
(2)  i s  s o l u b l e  i n  t h e  f i r s t  element. Seve ra l  such a l l o y  systems do e x i s t ,  
e .g. , bismuth-lead, ,bismuth-cadium; however, t h e  s o l i d u s  s u r f a c e  has  no t  
been determined as a func t ion  of p re s su re .  

A p a r t i c u l a r l y  promising system i s  bismuth-antimony . 
Other  

A t h i r d  type  of pressure-induced t ransformat ion  which may 
make s u i t a b l e  bonding material i s  a so l id - to - so l id  t ransformat ion .  The 
increased  p l a s t i c i t y  dur ing  t h e  t ransformat ion  would not  be  as l a r g e  as 
i n  t h e  case of t he  t ransformat ions  invo lv ing  l i q u i d ;  b u t  i f  t h e  h igh  
p res su re  phase were r e t a i n e d  upon release of pressure ,  and i f  t h e  h igh  
p res su re  phase were b r i t t l e ,  i t  would probably b e  easier t o  rup tu re  a 
j o i n t  made wi th  t h i s  type of system than  one made wi th  t h e  types of systems 
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involv ing  melt ing.  Most of t h e  known s o l i d - t o s o l i d  t ransformat ions  
occur at r e l a t i v e l y  high p res su res  although a few poss ib l e  a l l o y s  have 
been found. One such a l loy  is B i - 3 5  Pb f o r  which Bridgman [30] r e p o r t s  
a new phase occurr ing at approximately 10 k i l o b a r s  which is r e t a i n e d  t o  
one atmosphere. 

In  conclusion,  t h e r e  e x i s t  metals and metal a l l o y s  which 

Fur the r  s tudy may t ake  
e x h i b i t  t h e  des i r ed  phase t ransformat ions  i n  t h e  approximate temperature  
and p res su re  range of t h e  b o l t i n g  opera t ion .  
two avenues. (1) Asce r t a in  t h e  f e a s i b i l i t y  of a gasket performing i n  
t h e  des i r ed  manner by s e l e c t i n g  one of t h e  b e s t  materials, wi thout  regard 
t o  t h e  exac t  p re s su re  and temperature t o  b e  used i n  t h e  a c t u a l  b o l t i n g  
ope ra t ion ,  and compressing i t  between two aluminum p l a t e s  similar t o  t h e  
a c t i o n  i n  a b o l t i n g  opera t ion .  Then determine t h e  percentage of contac t  
area by a s u i t a b l e  t es t .  (2) Develop an a l l o y  which would e x h i b i t  t h e  
d e s i r e d  t ransformat ions  a t  s u i t a b l e  temperatures  and p res su res  , and 
determine t h e  p l a s t i c  flow c h a r a c t e r i s t i c s  of t h e  a l loy  during such 
t ransformat ions  under t h e  more i d e a l  condi t ions of a h y d r o s t a t i c  p re s su re .  
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APPENDIX C 

RECOMMEN DAT I O N S  FOR FURTHER I NVESTI  GAT ION 

For s p a c e c r a f t  app l i ca t ions  t h e r e  is a need both f o r  i n c r e a s i n g  
t h e  thermal conductance a t  t h e  i n t e r f a c e s  of  c e r t a i n  j o i n t s  and f o r  
i nc reas ing  t h e  p r e d i c t a b i l i t y  of t h e  thermal  performance of such j o i n t s .  
A review of t h e  l i t e r a t u r e  i n d i c a t e s  t h a t ,  whi le  much experimental  and 
a n a l y t i c a l  e f f o r t  has  been devoted t o  t h e  problem, i t  is s t i l l  not  gen- 
e r a l l y  f e a s i b l e  t o  make a r e l i a b l e  computation of  the  thermal  conductance 
of a j o i n t .  One of t h e  b a s i c  problems is t h a t  t h e  manufacturing process  
leads  t o  wide v a r i a t i o n s  i n  t h e  phys ica l  p r o p e r t i e s  of j o i n t s  which are 
meant t o  b e  i d e n t i c a l .  Furthermore, i t  has  been found t h a t  apprec iab le  
contac t  occurs  only i n  the  immediate v i c i n i t y  of b o l t s  and r ivets .  Else- 
where, t h e  p l a t e s  tend  t o  sepa ra t e .  Thus, not  only is t h e  a c t u a l  contac t  
area a s m a l l  f r a c t i o n  of t h e  macroscopic contac t  area, bu t  macroscopic 
contac t  i t s e l f  occurs  over a s m a l l  f r a c t i o n  of t h e  apparent  con tac t  area. 
It appears ,  i n  o the r  words, t h a t  thermal  conductance ac ross  j o i n t s  may 
b e  l i m i t e d  as much, i f  no t  more, by j o i n t  design as by s u r f a c e  geometry. 

Based on t h e  above po in t  of view, i t  i s  thought t h a t  t h e  fol lowing 
s t e p s  ho ld  cons iderable  promise f o r  achiev ing  t h e  ob jec t ives  of increased  
thermal  con tac t  conductance and more accu ra t e  computational procedures.  

1. Conduct s o p h i s t i c a t e d  a n a l y s i s  of j o i n t  design wi th  
t h e  o b j e c t i v e  of producing uniform con tac t  p re s su re  
over t h e  e n t i r e  i n t e r f a c e  area. This would have t h e  
e f f e c t  of i nc reas ing  t h e  thermal  conductance and 
improving t h e  uniformity among j o i n t s  

2 .  I n v e s t i g a t e  novel  f l ange  designs and techniques f o r  
f a s t e n i n g .  component boxes t o  co ld  p l a t e s .  Some i d e a s  
are shown i n  Figure C1.  

3. Examine manufacturing methods t o  f i n d  ways of i nc reas ing  
the  uniformity of  f i n i s h e d  j o i n t s .  This  should inc lude  
i n v e s t i g a t i o n  of s u r f a c e  contamination during manufac- 
t u r e  and c leaning  procedures p r i o r  t o  assembly. 

4 .  I n v e s t i g a t e  t h e  p o s s i b i l i t y  of elastic f i l l e r s  capable 
of maintaining contac t  a t  an i n t e r f a c e  i n  s p i t e  of 
creep,  thermal  s t r a i n s ,  and o t h e r  f a c t o r s  which cause 
non-e l a s t i c  f i l l e r s  t o  l o s e  contac t .  

5. Evaluate  computational methods by comparison of 
p red ic t ed  and a c t u a l  thermal p r o p e r t i e s  of j o i n t s .  

c- 1 
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S t i f f e n e r  b a r  h e l p s  prevent  s e p a r a t i o n  of 
f l ange  and co ld  p l a t e  at p o i n t s  between 
b o l t s .  

e 

/ 
I I  _- 
1 1  
I '  

I I  - Cold P l a t e  

1 ' 1 ,  ) I ' lf I I  / I 
I1- 

I I '  

- 

I '  
I -It-- _ _  !. ' 

1 1  
I 1  I 1  

I .  1 1 1 I I I  

.e 
1 

I I  I 
I 

I 

S p e c i a l  washers, p o s s i b l y  of r e c t a n g u l a r  c r o s s  
s e c t i o n  i n  p l ane  parallel t o  InQesface, de- 

I I  I t  signed t o  spread  c o n t a c t  area. 

' I  
1 

t r  
-.l=---=x-- -3 - - 1 Flange 

. 

/ ' -  Cold P l a t e  

Surface  contoured s o  uniform con tac t  p r e s s u r e  
r e s u l t s  a f t e r  b o l t s  are t igh tened .  Shape of 
contour,  which may be two-dime.nsiona1, is t o  
be determined by stress a n a l y s i s .  

Figure C 1  Joint Designs 
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Rack with teeth of variable lengths, so chosen 
that uniform Contact pressure results when 
bolts are tightened. I I+ - 

I.--- 13-----, Cold Plate 

\- 
I 

1 1 1  I I '  Cold Plate 

/ 
Zig-zagged interface has effect of increasing 
contact area without reducing the contact 
pressure. 

P 

Flange 

f--- Cold Plate 
_ I - ^ - - - - -  - __-----_ 

Wedged clamp running along entire length of 
flange edge produces more uniform contact 
pressure over interface. 
produces a mechanical advantage between the 
screw tension and the normal clamping force 
on the interface. 

The wedge also 

Figure Cl (Cont.) 
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Fur ther  thought should a l s o  be  given t o  improved methods of 
I using thermally conductive p a s t e s ,  As previously d iscussed ,  t h e  p l i a b l e  

s u r f a c e  technique e n t a i l s  t he  in t roduc t ion  of two a d d i t i o n a l  i n t e r f a c e s  
and t h e  e f f e c t i v e  replacement of some m e t a l  by a p a s t e .  
p a s t e  is  less conductive than t h e  m e t a l  and because i t  may not  p e r f e c t l y  
f i l l  t h e  spaces  i n  t h e  mic ros t ruc tu re  of t h e  cavi ty  w a l l s ,  t he  in t roduc t ion  
of a p a s t e - f i l l e d  cav i ty  tends t o  lower thermal  conductance across  a 
j o i n t .  
s t r i c t i o n  r e s i s t a n c e  at t h e  i n t e r f a c e  j u s t  t o  prevent  t he  thermal conduc- 
tance  from be ing  lower than i t  i s  i n  a normal j o i n t .  This  a spec t  of t h e  
problem l eads  one t o  consider  a modi f ica t ion  of t he  i n t e r f a c e  f i l l e r  
technique which may be more l i k e l y  t o  provide a s o l u t i o n .  
way can be found of s e a l i n g  the  j o i n t  i n t e r f a c e  a t  i t s  boundaries,  then 
t h e  i n t e r f a c e  void could i t s e l f  be f i l l a d  wi th  a p res su r i zed  paste. I n  
t h i s  case t h e r e  would be no tendency toward a decrease i n  thermal con- 
ductance t o  be  counteracted,  and the  f u l l  p o t e n t i a l  of t h e  procedure 
would be e f f e c t i v e  i n  inc reas ing  conductance, 

Because t h e  

Consequently, t he  scheme m u s t  produce some reduct ion  of t h e  con- 

I f  a p r a c t i c a l  

T 
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